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PART I 
MECHANISMS FOR ACTIVE Ca' -TRANSPORT IN THE GILLS OF FRESHWATER TELEOST FISH 
1 
ABBREVIATIONS 
TCA 
Tris 
adenos i ned i phosphate 
adenosmemonophosphate 
adenos¡netr¡phosphate 
adenosi netг¡phosphate phosphohydrolase 
(ethylenedIn¡tr i lo) tet raacet ic acid 
(ethylene-bis(oxyethylenen ¡ t r i lo) ) tetraacetic acid 
N-2-hydroxyethyl pipera zi ne-N '-2-ethanesul phonic acid 
Ca2+ or Mg2"1" 
t r ica¡ne methanosulphonate 
para-n ¡trophenylphosphate 
para-η ¡ trophenyl phosphate phosphohydrolase 
π ¡ t r i l o t r i a c e t ¡ с acid 
phenyl methyl sulphonyl f i uoride 
1-[bis (p-chlorophenyl)-methyl ]-3-2 (2>1t-dichloro-ß-(2,4-dichlorobenzyloxy) · 
phenethyl ) ¡midazol iumchloride 
t r ichloroacet ic acid 
t r i s (hydroxy methyl )aminomethane 
2 
CHAPTER I 
GENERAL INTRODUCTION 
Importance of calcium for freshuater fish 
Teleost f i s h i n h a b i t every conceivable marine niche and in f r e s h waters they 
a c t u a l l y represent the t o t a l p o p u l a t i o n of bony f i s h e s . Their success in e v o l u ­
t i o n , perhaps best i n d i c a t e d by the f a c t t h a t they e s t i m a t e some 30.000 recent 
species (versus e . g . '•OOO recent mammalian species) is a s c r i b e d t o t h e i r e f f i ­
c i e n t anatomy, e x c e p t i o n a l f e r t i l i t y and remarkable p h y s i o l o g i c a l a d a p t a b i l i t y 
(Storer et al., 1979; Romer, I 9 6 2 ) . The research presented in t h i s t h e s i s f i t s 
in w i t h the a d a p t a b i l i t y of f i s h . With respect t o t h e i r c a p a c i t y f o r a d a p t a t i o n 
f i s h are o f t e n subdiv ided i n t o stenohal ine species ( e . g . h e r r i n g and carp) and 
euryhal ine species ( e . g . salmon and e e l ) , which terms r e f e r t o a narrow and a 
broad s a l t t o l e r a n c e , r e s p e c t i v e l y . 
A e u r y h a l i n e f i s h , whether in f r e s h water or in sea w a t e r , shows osmotic 
homeostasis. Al though t h i s homeostasis may not be as s t r i c t as t h a t observed in 
mammals, plasma ion composi t ion and plasma o s m o l a r i t y in most f i s h resemble 
those in mammals ( S i m k i s s , 1 9 7 Ό · Freshwater f i s h , being submerged in a hypo-
osmotic environment, perform p r e c i s e c o n t r o l o f integumental p e r m e a b i l i t y and 
produce large amounts of hypotonic u r i n e t o compensate f o r water i n f l u x ; they 
take up ions f rom the water t o balance outward d i f f u s i o n of ions from the body. 
For a long t i m e , research on osmo-ionlc balance in f i s h has focussed s o l e l y 
on the f i s h ' s h a n d l i n g of sodium, c h l o r i d e and w a t e r . The c r u c i a l f u n c t i o n of 
c a l c i u m , in p a r t i c u l a r f o r the physiology of f reshwater f i s h , has long been 
underest imated. Ever s ince the e a r l y s e v e n t i e s . Wendelaar Bonga and co-workers 
in Nijmegen in c o n j u n c t i o n w i t h o t h e r s ( J . С Fenwick, Canada; T. Mirano, Japan; 
N. Мауег-Gostan and E. Lopez, France; P.K.T. Pang, USA) have d i r e c t e d a t t e n t i o n 
t o ca lc ium metabolism and i t s endocrine r e g u l a t i o n in f i s h . In f i s h , s i m i l a r l y 
as in a l l v e r t e b r a t e s , l e v e l s of ionized c a l c i u m in the e x t r a c e l l u l a r f l u i d s 
2+ 
are maintained within narrow limits (around 1.5 mM Ca ) for the appropriate 
functioning of a variety of physiological processes, such as muscle contraction, 
nerve-impulse conduction, hormone secretion, activation of enzymes, blood coa­
gulation, reproduction and skeletal calcium accretion. 
For fish evidence is accruing that calcium homeostasis is of pivotal impor­
tance to successfully maintain hydromineral balance. It has been recognized 
3 
that even a slight reduction of the calcium concentration in the extracellular 
fluids increases the permeability of the body surface to water and ions. Thus, for 
a fish to live and grow in fresh waters, which are generally hypocalcic to the 
body fluids, a permanent need exists to establish a positive calcium balance. 
Survival in fresh water is, therefore, only possible for fish that posses effi­
cient mechanisms for the uptake of calcium from the environment. This requisite 
does not exist for seawater fish, since the calcium concentration in sea water 
2+ 
(approximately 10 mM Ca ) is substantially higher than that in the extracellular 
body fluids. It seems not too imprudent to state that the invasion of fresh water 
by fish in the course of vertebrate evolution was only possible after the develop­
ment of mechanisms for the uptake of calcium from the environment. 
Location of ealcium uptake meohaniams 
Freshwater fish depend on their gills and gut for the uptake of calcium (Berg, 
Ο ι 
I 9 6 8 ) . G i l l s are of n a j o r importance f o r the uptake of Ca : when f i s h are f e d a 
c a l c i u m - d e f i c i e n t d i e t , growth and c a l c i u m accumulat ion in the body are not 
2+ 
hampered, p r o v i d e d the ambient Ca - l e v e l s are not t o o low (Rodgers, 1984). More­
o v e r , f r e s h w a t e r f i s h d r i n k very l i t t l e and t h e r e f o r e , the g i l l s remain as the 
2+ 
major s i t e f o r the uptake of Ca ( F i g . 1 ) . 
The g i l l s of f i s h are a m u l t i f u n c t i o n a l o r g a n . Involved in gas- and ion-exchange 
between the f i s h and the w a t e r . The b r a n c h i a l e p i t h e l i u m c o n s i s t s of a t h i n l a y e r 
of c e l l s t h a t separates the blood from the ambient water and forms a minimal d i f ­
f u s i o n b a r r i e r f o r oxygen and carbon d i o x i d e . C y t o l o g i c a l l y , the most conspicuous 
c e l l s of the b r a n c h i a l e p i t h e l i u m are the s o - c a l l e d ionocytes or c h l o r i d e c e l l s , 
which names r e f e r t o t h e i r r o l e in ion t r a n s p o r t . The cytoplasm o f these c e l l s c o n ­
t a i n s an e x t e n s i v e t u b u l a r system associated w i t h the b a s o l a t e r a l plasma membranes 
and in c o n t a c t w i t h numerous mi tochondr ia (Karnaky, I98O). This s t r u c t u r e reminds 
of the well-known basal l a b y r i n t h in c e l l s of other i o n - t r a n s p o r t i n g e p i t h e l ¡ a 
such as the mammalian nephron or the avian nasal g land . U l t racy tochemica l l y and 
b i o c h e m i c a l l y . I t has been shown tha t the bu lk of Na /K -ATPase, the enzyme tha t 
prov ides f o r the energy f o r a c t i v e Na -ex t rus ion f rom the c e l l , i s concentrated 
in these c h l o r i d e c e l l s (Hootman & P h i l p o t t , 1978, 1979)· On the bas is of e x p e r i -
ments w i t h f reshwater t r o u t i t has been claimed by Payan et al. ( I 98 I ) tha t a l s o 
2+ Ca - i n f l u x through the g i l l s is mediated e x c l u s i v e l y by the c h l o r i d e c e l l s . 
In con t ras t t o l a n d - l i v i n g ve r teb ra tes tha t take up ca lc ium i n t e r m i t t e n t l y by 
2+ f e e d i n g , f i s h have cont inuous access to Ca in the ambient wate r . There fore , 
2+ 
water forms a v i r t u a l l y inexhaus t ib le ca lc ium source, however low the Ca -con-
1» 
cen t ra t i ons a r e , and provided tha t the ca lc ium uptake mechanisms are adequate. 
Transfer of Ca from the water to the blood 
2+ 
L i t t l e is known about the mechanisms involved in a c t i v e Ca - t r a n s p o r t in f i s h 2+ g i l l s . A "Ca -ATPase" a c t i v i t y has been demonstrated in b ranch ia l e p i t h e l i u m of 
a v a r i e t y of f i s h spec ies . Of f -handed ly , t h i s enzyme a c t i v i t y was presumed t o 
2+ form the bas is f o r a c t i v e t ranspor t of Ca through the g i l l s . I t s k i n e t i c para-
2+ 
meters, however, make an involvement in a c t i v e Ca - t r a n s p o r t u n l i k e l y . The per -
m e a b i l i t y of the g i l l s t o water and ions i s low and, in f a c t , the branch ia l e p i -
the l ium belongs to the most impermeable e p i t h e l ia known in the animal kingdom. 
2+ In such a t i g h t e p i t h e l i u m as tha t of the g i l l s , Ca may be expected t o move 
from the water t o the blood through the c e l l s of the e p i t h e l i u m , and not v ia para-
c e l l u l a r rou tes . 
Figure 1. Cross-sec t ion o f secondary g i l l f i l amen t of t i l a p i a ; m, mucus l a y e r ; 
ep, sk in e p i t h e l i u m , w i t h f i l a m e n t - c o n t a i n i n g c e l l s ( f ) and c h l o r i d e c e l l s (c) ; 
the c e l l s are connected by desmosomes ( d ) , and, a t the outer su r f ace , by t i g h t 
j unc t i ons ( t j ) ; the c h l o r i d e c e l l s conta in a tubu la r system ( t s ) of membranes 
which i s cont inuous w i t h the baso la te ra l c e l l membranes; es , e x t r a c e l l u l a r space; 
b, branchia l b lood vesse ls . 
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2+ 2+ 2+ 
Since i n t r a c e l l u l a r Ca - c o n c e n t r a t i o n s are g e n e r a l l y very low (< 1 μΜ Ca ) , Ca 
ions from the water are l i k e l y t o permeate the c e l l down an e l e c t r o c h e m i c a l g r a ­
d i e n t . As a consequence, the subsequent step from the c y t o s o l t o the blood i s 
a g a i n s t a steep g r a d i e n t and r e q u i r e s a c t i v e t r a n s p o r t energized by the h y d r o l y -
2+ 
s i s of ATP. The occurrence o f t r a n s p o r t Ca -ATPases, such as the w e l l - e s t a b l i s h e d 2+ Ca -ATPase of e r y t h r o c y t e membranes, has been demonstrated l a t e l y in the baso-
2+ l a t e r a l membranes o f mammalian Ca - t r a n s p o r t i n g e p i t h e l ia of the i n t e s t i n e and 
2+ k i d n e y . The presence of such t r a n s p o r t Ca -ATPases and t h e i r r o l e in t r a n s e p i -
2+ t h e ) ¡ a l Ca - t r a n s p o r t in the lower ve r teb ra tes needs t o be e s t a b l i s h e d . 
Hormonal control of aalaium metabolism 
In mammals, the minute- to-minute homeostasis o f the body f l u i d s is e f f ec ted by 
parathormone (PTH, a hypercalcémie hormone) and c a l c i ton in (a hypocalcémie hormone), 
Primary t a rge t s f o r these hormones are bone and kidneys ( I r v i n g , 1973). Absorpt ion 
of ca lc ium from ingested food is achieved v ia 1a,25-d ihydroxyv l tamin D,-dependent 
mechanisms in the i n t e s t i n e (DeLuca t Schnoes, 1976). PTH, however, Is the gover-
n ing hypercalcémie hormone in ca lc ium homeostasis, s ince I t c o n t r o l s the synthes is 
of l a ,25 -d ihyd roxyv i t am in D, wh ich , in t u r n , may f a c i l i t a t e PTH-actions on the 
bone and o ther t a rge t t i ssues (DeLuca, 1 9 7 0 · 
The regu la t i on of ca lc ium metabolism In f i s h d i f f e r s e s s e n t i a l l y from tha t in 
higher v e r t e b r a t e s . Fish lack pa ra thy ro id g lands. Unique f o r f i s h are the so-
c a l l e d Stannius co rpusc les , endocrine glands assoc ia ted w i t h the k idneys. Immuno-
l o g i c a l l y , Stannius-products e x h i b i t c r o s s - r e a c t i v i t y w i t h an t i bod ies ra ised 
aga ins t mammalian PTH (M i l e t et al., 1980), which suggests s t r u c t u r a l resemblance 
between the p u t a t i v e Stannius hormone and PTH. However, the f u n c t i o n of the 
Stannlus-products is c l e a r l y d i f f e r e n t , f o r they are hypocalcémie f a c t o r s . 
In f reshwater f i s h p r o l a c t i n from the r o s t r a l pars d i s t a l i s of the p i t u i t a r y 
gland is recognized as a hypercalcémie hormone (Pang et al., 1979; Wendelaar Bonga 
ε F l i k , 1982). Al though the hypercalcémie nature o f p r o l a c t i n In f i s h seems w e l l -
e s t a b l i s h e d , the mechanism of ac t i on of p r o l a c t i n i s , in f a c t , completely unknown. 
2+ P r o l a c t i n cou ld s t imu la te mechanisms fo r the uptake of Ca from the water , but 
2+ 
a l s o , i t cou ld s t imu la te reso rp t i on o f Ca from the bone to ra ise plasma c a l -
c i urn l e v e l s . 
Research objectives 
The aims of the s tud ies presented in t h i s thes is a r e : 
6 
2+ 
- To demonstrate the presence of Ca -uptake mechanisms in fish gills. 
2+ 
- To determine the ra te of Ca -uptake from the water in i n t a c t f i s h , in an at tempt 
to assess the importance of the ca lc ium concen t ra t ions of the water (and thus the 
2+ 
r e l a t i v e importance of the Ca -uptake mechanisms o f the g i l l s ) f o r the main te-
nance of Ca-balance. 
- To v e r i f y , whether the ro le of p r o l a c t i n as a hypercalcémie hormone is based on 
2+ 
stimulation of the uptake rate of Ca from the water via regulation of branchial 
Ca -uptake mechanisms. 
2+ 
The f i r s t pa r t o f t h i s t hes i s presents biochemical s tud ies on Ca -dependent 
phosphatases in plasma membranes of branch ia l e p i t h e l i u m o f the American e e l , 
Anguilla rostrata, and the A f r i c a n t i l a p i a , Oreoohrcmia mossarribieus*. For cha rac te -
r i z a t i o n s tud ies la rge ee ls were used, to ob ta in s u f f i c i e n t amounts of plasma mem-
branes. Chapter I I descr ibes a method to i s o l a t e plasma membranes from branch ia l 
2+ 
ep i t he l i um and deals w i t h the c h a r a c t e r i z a t i o n of Ca -aotivated ATPase a c t i v i t i e s 2+ t h e r e i n . These l as t enzymic a c t i v i t i e s , t i l l then equated w i t h Ca - t r a n s p o r t 
ATPase a c t i v i t y , were shown t o represent a heterogeneous pool of non -spec i f i c phos-
2+ 
phatases. Chapter I I I demonstrates the presence o f Ca -stimulated ATPase a c t i v i -
t i e s in eel g i l l plasma membranes. An enzymic a c t i v i t y w i t h c h a r a c t e r i s t i c s of 
2+ 
es tab l i shed (mamnalian) Ca - t r a n s p o r t ATPases cou ld be d i s t i n g u i s h e d from non-
2+ 
s p e c i f i c , Ca - s t imu la ted phosphatase a c t i v i t y . Among the c h a r a c t e r i s t i c s of t h i s 
2+ 2+ 
h i g h - a f f i n i t y Ca -ATPase a r e : h igh a f f i n i t y f o r Ca , ATP-preference and calmodu-
1in-dependency. In Chapter IV, evidence is given tha t i n f us i ng f reshwater ee ls 
w i t h ovine p r o l a c t i n leads to hypercalcemia, and tha t t h i s hypercalcemia is 
2+ 
accompanied by Induct ion of the h i g h - a f f i n i t y Ca -ATPase in the plasma membranes 
2+ 
of the g i l l s . This observat ion ind ica tes tha t s t i m u l a t i o n of b ranch ia l Ca - t r a n s -
por t Is the consequence o f p r o l a c t i n a c t i o n . Chapter V repor ts the presence of 
2+ h i g h - a f f i n i t y Ca -ATPase a c t i v i t y in t i l a p i a g i l l s . Moreover, d i r e c t evidence 2+ i s given f o r ATP-dependent Ca - t r a n s p o r t in plasma membranes of these g i l l s . 2+ The magnitude of t h i s ac t i ve Ca - t r a n s p o r t i n g process i s cons i s ten t w i t h a d i r e c t 
2+ 2+ 
involvement of h i g h - a f f i n i t y Ca -ATPase In t r a n s e p i t h e l i a l Ca - t r a n s p o r t in vivo. 2+ The second par t of t h i s thes is concerns Ca -exchange processes between t i l a p i a 
and water and presents analyses of In te rna l ca lc ium-poo ls of the f i s h . 
* This species has been renamed twice r e c e n t l y : Tilapia mossambica was changed 
f i r s t to Sarotherodon mossarribieus and subsequently t o Oreochromis mossarribieus 
(Trewavas, 198 l ) . In our repor ts we mostly r e f e r to t h i s species as t i l a p i a . 
7 
2+ 
Chapter VI is a characterization of bidirectional Ca -fluxes between fish and 
water, measured in intact fish, the emphasis being on the role of the gills. It is 
2+ demonstrated that in actively feeding, growing tilapia sufficient Ca ¡s taken up 
from the water via the gills to permit the growth rates observed in these fish. 
2+ 2+ 
Chapter VII deals with the effects of low levels of Ca in fresh water on Ca -
fluxes and on internal calcium stores in tilapia. Fish acclimated to fresh water 
with a reduced calcium level, showed a clear adaptive response to this altered 
2+ 
environment, viz. an enhancement of branchial uptake rates of Ca . Chapter VIII 
is a report on the effects of prolactin on calcium exchange with the water and on 
internal calcium stores. The results obtained - stimulation of branchial uptake 
2+ 
rates of Ca , accompanied by hypercalcemia and enhanced Ca-deposltion in the 
bone - corroborate the conclusion drawn in Chapter IV, that the stimulation by 
2+ 
prolactin of branchial high-affinity Ca -ATPase activity underlies the hyper-
calcemia observed after prolactin treatment. Chapter IX is a general discussion. 
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CHAPTER I I Comp. Biochem. Physiol. 
(1983) 76B, IkS-lSk 
Ca2+-DEPENDENT PHOSPHATASE AND Ca2+-DEPENDENT ATPase ACTIVITIES IN PLASMA 
MEMBRANES OF EEL GILL EPITHELIUM. I. 
IDENTIFICATION OF Ca2+-ACTIVATED ATPase ACTIVITIES WITH NON-SPECIFIC 
PHOSPHATASE ACTIVITIES. 
ABSTRACT 
2+ 
1. The characteristics of Ca -activated ATPase activities previously often postu­
lated as components for the calcium transporting system in fish gills do not 
2+ fulfil the requirements of a transport Ca -ATPase. 
2+ 2+ 
2. The chelation of Ca - or Mg -ions is a prerequisite for the adenosinephos-
phate esters to serve as substrate for gill plasma membrane phosphatases. 
2+ 
3. Ca -activated ATP hydrolysis results from the activity of a heterogeneous 
pool of phosphatases located in the plasma membranes of the branchial epi­
thelium, as is concluded from substrate specificity tests and the effects of 
various inhibitors on these hydrolytic activities. 
4. In the present study only non-specific phosphatases could be shown. 
INTRODUCTION 
Teleost fish, whether in fresh water (FW) or sea water (SW), possess efficient 
mechanisms to maintain blood calcium levels (Wendelaar Bonga 6 Van der Meij, I98O). 
In FW, under normal conditions but especially during periods of starvation, this 
control probably involves the active transfer of calcium from the ambient medium 
into the extracellular fluids. Indeed, it is well known that fish can extract 
calcium from their external environment and there is ample evidence to suggest 
that the major site for this uptake is associated with the branchial apparatus 
(Mashiko Б Jozuka, 1964a; Berg, I968). The mechanism of this transfer, however, 
has not been adequately studied. One of us (Fenwick, 1976, 1979)1 among others 
(Ma et al., 1972»; Moon, 1978; Ho ε Chan, I98O; Doñeen, I98I) described the 
2+ 2+ 
presence in the gills of a Ca -activated adenosinetr¡phosphatase (Ca -ATPase) 
which, in analogy to the Na -transporting ouabain-sensiti ve Na /К -ATPase, was 
presumed to be the enzymic basis for the active transport of calcium through the 
11 
gills. This presumption was supported by various observations. Most significantly, 
Ijc 2+ 
the influx of Ca in perfused, isolated, American eel gills correlated posi-
lively with Ca -ATPase activity (Fenwick, 1976; So Б Fenwick, 1977). Additionally, 
the activity of this enzyme was reported to be influenced directly by hypocalcin 
(Ma 6 Copp, 1978), a hormone which can markedly influence calcium metabolism in 
teleosts. Further, the level of enzymic activity varied with ambient calcium 
concentration (Fenwick, 1978). 
However, there are serious difficulties with this thesis. If active transport 
of calcium occurs in the gills it most likely occurs at the basal or lateral mem­
branes where the calcium moves from an intracellular calcium concentration of 
about 10 M into a body fluid calcium concentration of about Зх 10 M. Active 
transport would not be required to move the calcium from the ambient medium 
(10 M) Into the intracellular compartment (10 M). However, the typical appa-
2+ 2+ 
rent affinity (Κ« ,Οοί 1^ е Э'Ч Ca -ATPase has been reported as about 0.45 mM Ca , 
a value which is not commensurate with effective functioning at the basal or 
lateral membrane sites. Secondly, the reported pH-optlma for these activities were 
about 8.0 (Ma et ál., 197'*; Fenwick, 1976) and were therefore within the favorable 
2+ 
range for alkaline phosphatase activities. Thirdly, the Ca -stimulated ATP hydro-
lytic activity, even measured at suboptimal pH's (Fenwick S Ma), exceeded reported 
+ + 2+ 
Na /K -ATPase activity to such an extent that Ca -transport rates would surpass 
expected Na -transport rates by several orders of magnitude. By the data presented 
In the literature the reverse is indicated (Fleming, 1973)· Additionally, there 
has been no unqualified evidence published to indicate that ATP is the preferred 
2+ 
substrate for the presumptive Ca -ATPase. However, in higher vertebrates this 2+ 
Ca -ATPase has been tentatively identified as an alkaline phosphatase-1ike 
activity, instead of an ATPase with characteristics of an ion transporting enzyme. 
In I97O, Haussler et al. (1970) were the first to report that alkaline phospha-
2+ 2+ 
tase, Ca -ATPase and much of the Mg -ATPase activities of chick brush border 
membranes are properties of the same enzyme protein. More support for this idea 
was given by Oku Б Wasserman (1978), who studied these activities in chick in­
testinal brush borders, and by Hanna et dl. (1978, 1979) in their studies on 
these activities in rat enterocyte plasma membranes. 
Recently, Ghijsen 6 Van Os (1979, 1982), Ghljsen et al. (I98O, 1982), Van Os 
et al. (1980) and Van Os 6 Ghijsen (I98I) showed in a series of studies on the 
2+ 
mechanisms of calcium transport in the kidney cortex and gut of rats, that Ca 
activated ATPase activity is not homogeneous. To be more specific, they detected 
2+ 
two different Ca -stimulated ATP hydrolytic enzymic activities in the plasma 
membranes of enterocytes. One phosphatase was located on both the brush border 
12 
and the basolateral membranes, had a predominantly low affinity site for calcium, 
and was inhibited by theophylline and L-phenylalanine, both of which are specific 
inhibitors of alkaline phsphatase. The other phosphatase, wh ich was located ex-
clusively in the basolateral membranes, had high affinity for calcium, was not 
inhibited by alkaline phosphatase inhibitors, but was specifically inhibited by 
the calmodulin antagonist chlorpromazine. Additionally, they showed that the 
rate of accumulation of calcium by sealed vesicles of basolateral membranes was 
2+ 
an exponent of the activity of high calcium affinity Ca -ATPase and not of the 
2+ low calcium affinity Ca -ATPase. As a result of these studies they concluded 
that the low affinity phosphatase was an alkaline phosphatase-1ike enzyme and 
2+ 
that the high affinity phosphatase was the true Ca -ATPase with characteristics 
of an ion transporting enzyme. This is supported by the observation that 
(1,25-dihydroxy)vitamin-D, treated rachitic rats show concurrent increases in 
2+ intestinal calcium absorption, high-affinity Ca -ATPase activity and ATP-2+ dependent Ca -transport in the basolateral membranes. 
Because of the difficulties listed earlier, and the recent evidence for the 
2+ 
existence of at least two Ca -dependent phosphatases, we decided to re-evaluate 
2+ 
characteristics of the putative teleost gill Ca -ATPase using more rigorous 
and inclusive criteria to investigate whether the low affinity non-specific 
2+ 
phosphatase activity or the high affinity Ca -ATPase activity Is the most 
likely candidate for the energy generating source of the calcium pump in eel 
gills. To this end we improved the previously reported procedure (Fenwick, 1976) 
for the isolation of gill plasma membranes. Additionally, we prevented the ATPase 
activity which might have resulted from mitochondrial contamination by adding as 
a routine specific mitochondrial ATPase inhibitors to the assay media. 
MATERIALS AND METHODS 
Yellow female eels. Anguilla rostrata LeSueur, were used. The fish used for 
enzyme characterization studies had an average body weight of 1.7 kg and were 
obtained in the spring of 1982 from a commercial fish dealer in Québec City, 
Québec, Canada. The eels were held in running dechlor¡nated Ottawa city tap-
2+ 
water (0.Ί5 mM Ca , 12 eC) under 16 h of light alternating with 8 h of darkness. 
During the experiments the fish were not fed. The experiments were carried out 
in the summer of I982. 
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Isolation of plasma membranes 
Animals were quickly anaesthetized in a Tris-buffered (pH 7.Ί) MS-222 solution 
(6 g/1). The bulbus arteriosus was cannulated and the branchial apparatus was 
perfused with ice cold isotonic saline containing heparin (20 U/ml) to remove 
the blood cells from the gills. Additionally, 0.2 mM phenyImethylsulphony1-
fluoride (PMSF), a protease inhibitor, was added to the perfusion fluid to in­
crease enzyme recovery. The branchial epithelium was scraped off onto an ice-cold 
glass plate with a glass microscope slide. The subsequent rapid (3 h) preparative 
isolation procedure was carried out at 0-4°C. The collected material (± 2.5 g/kg 
eel) was disrupted gently with a douncer fitted with a loose pestle (20 strokes) 
in 15 ml of a hypotonic buffer (pH 8.0) containing (mM): NaCl (25), PMSF (0.2) 
and Hepes/Tris (1). The homogenate was diluted with the same buffer to 75 ml and 
centrifugea 15 min at 550 g. The pellet, containing nuclei and cellular debris, 
was discarded. The supernatant (H.) was centrifuged for 30 min at 27 К rpm (Beck­
mann SW-g rotor) and yielded a pellet containing the membrane fraction (PQ). 
The pellet was resuspended with a douncer (100 strokes) in 15 ml of an isotonic 
buffer containing (mM): sucrose (250), NaCl (12.5), HjEDTA (0.5), Hepes/Tris 
(5, pH: 7.5); osmolarity: 300 m0sm/l. H-EDTA was added to ensure a leaky vesicle 
preparation. The suspension was diluted with the same buffer to 30 ml and cen­
trifuged differentially: 1 Kg. 10 min, 10 Kg. 10 min, 30 Kg. 30 min. The final 
pellet (P,) was used as the eel gill plasma membrane fraction. This pellet was 
resuspended with a douncer (100 strokes) in the basic assay buffer (mM): Tris-
HC1 (20), NaCl (100), pH, 7·'*. To prevent cryodamage of membrane proteins, 
portions as required for the assays were quickly frozen in liquid nitrogen and 
stored at -90eC until use. 
Assays and assay media 
Protein. Membrane protein was estimated with a commercial reagent kit (BioRad) 
using bovine serum albumin as reference. 
Na /K -ATPase. Na /К -ATPase was assayed by the method of Bonting 6 Caravaggio 
(І96З)· The incubation was started by the addition of a 20 yl sample of the mem­
brane preparation, containing 10-20 \ig protein, to 400 μΐ medium. The ouabain­
sensitive, К -dependent activity was calculated as the difference in activities 
measured in two media. Medium A, yielding total ATPase activity, consisted of 
(mM): NaCl (100), MgCl2 (5), H2EDTA (0.1), Na2ATP (3), KCl (12.5) and imidazole 
(30); pH 7.'*. Medium E, yielding the ouabain-insensit i ve, К -independent activity, 
consisted of medium A without KCl but with added ouabain (1.0 mM). The incubation 
Hi 
was performed at 37°C for 10-30 min. The reaction was stopped on ice and by adding 
100 μΐ ice-cold TCA (40%). To determine ATP hydrolysis, the liberated P. was 
estimated as described by Fenwick (1976) with a Technicon auto-analyzer. 
Alkaline phosphatase (pH 10.4) 
Membrane alkaline phosphatase was estimated with a commercial reagent kit 
(Sigma) for the assay of serum or plasma alkaline phosphatase: p-nitrophenyl-
phosphatase (p-NPPase) activity was assayed at pH 10.k in a glycine buffer in the 
2+ 
presence of 5 mM Mg . Eel gut alkaline phosphatase (Sigma, type XIX) served as 
a reference. Activities were expressed in units eel gut alkaline phosphatase 
equivalents on basis of p-NP release. After the reaction was stopped with 1 N 
NaOH, p-NP was measured at Ί20 nm. 
Suoainate dehydrogenase 
Succinate dehydrogenase (SDH) activity was estimated in a medium (pH 8.0) 
containing (mM): Κ,ΗΡΟ./KH P0. (50), Na.-succinate (50), sucrose (25), and 
1 mg/ml 2-(p-iodopheny1)3-(p-nitrophenyl)-5-phenyltetrazoliumhydrochloride(p-INT) 
according to Pennington (1961). The reaction was started by the addition of 
samples varying from 20-100 yl to 1 ml assay medium and incubations were carried 
out at room temperature until appropriate pink coloration. SDH activities were 
determined on the same day as isolation. The reaction was stopped by the addi­
tion of 100 μΐ TCA (.k0%) and extraction was done with U ml ethylacetate. The 
activity was determined in the organic phase by measuring the absorbance at 
Ί90 nm after overnight phase separation at '»"C. Activities were expressed as 
ΔΑ^ /h.mg protein. 
2+ 
Ca -stimulated phosphatases 
2+ 
The basic medium for Ca -stimulated phosphatase activities (pH 7.Ό consis­
ted of (mM): NaCl (100), ouabain (O.I), NaN, (5), oligomycin В (5 pg/ml), Tris-
HC1 (20); disodium salts of ATP, ADP, AMP and p-NPP were used as substrates, 
2+ 2+ 
Ca л» or Mg л. substrate complexes were prepared by adding equimolar concen-
2+ trations of the chloride salts of either ¡on, assuming a 1:1 ratio for Me ^ 
chelation by adenosinephosphate-esters (Sapper et al., I98O). Incubations were 
performed on 20 μΐ samples in a total volume of 500 μΐ for 30 min at 25 or 370C. 
Substrate hydrolysis was estimated as described for the Na /K -ATPase assay. 
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In all assays blanks were prepared by adding membrane samples after the reaction 
was stopped. 
Lipophilic inhibitors (chlorpromazine, phenothiazine, Κ2Ί571) were dissolved in 
ethanol (100%) and brought to the required concentration in the assay medium (etha­
nol concentrations did not exceed 0.1%). Membrane samples were pre incubated with 
the desired final concentration of these inhibitors for 15 min at 370C as suggested 
for К24571 by Gietzen et al. (1981). Ethanol treated samples served as controls. 
All assays were performed in plastic tubes. 
Water soluble Inhibitors (theophylline, 1-phenylalanine, cysteine) were direct­
ly dissolved in the assay medium. 
Reagents 
All reagents used were of the highest purity commercially available. Ultrapure 
water was used in all assays. R24571 was purchased from Janssen Pharmaceutica, 
Beerse, Belgium. All other chemicals were obtained from Sigma (St. Louis, MO). 
Statistics and calculations 
Values are expressed as mean values ± S.E.M. Statistical analysis of the data 
was carried out applying Student's t-test. 'Significance was accepted with Ρ < 0.05 
when η < A, or with Ρ < 0.02 when η > 4 (α=5%). Apparent К -values and V 
'
 r r
 m max 
values were calculated by means of Lineweaver-Burk transformation of the Michaelis-
Menten equation. Linear regression analysis was based on the least squares method. 
RESULTS 
Isolation procedure 
Table 1 shows the percentage recovery and the purification factors for several 
marker enzymes in the P,-fraction. Na /K -ATPase was used as plasma membrane 
marker, while succinate dehydrogenase was taken as a marker for mitochondrial 
membranes. The P.-fraction contained about 13% of the initial Na /K -ATPase and 
underwent a 60-fold purification. Succinate dehydrogenase activity was purified 
to only a factor of about 1.6 and showed a recovery of about 1A%. Although a 
high degree of purification for plasma membranes was obtained as judged by the 
Na /K -ATPase purification factor, the P,-fraction still showed mitochondrial 
ATPase activities. Only around 2% of the initial alkaline phosphatase (measured 
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Table 1. Recovery and purification of eel gill plasma membranes (P--fraclions). 
Recoveries were expressed as percentages of the total enzyme activities in 
the initial homogenate (H-). The purification factors represent the ratios of 
the specific activities in the plasma membrane fraction (P,) and the initial 
homogenate (H-). Mean values (± S.E.M.) are given, with the number of observa-
tions in parentheses. 
Alkaline Succinate 
Na /K -ATPase phosphatase dehydrogenase Protein 
Recovery (%) 13-1 ± 2.33 (6) 1.8 ± 0.76 (6) 3-39 ± 0.39 (7) 2.6 ± 0.57 (7) 
Purification 61.9*5.76 0.91*0.21 1.62 ±0.36 
at pH 10.k) was recovered with a purification factor of 0.91· The use of alkaline 
phosphatase as plasma membrane marker was suggested by Ma et al. (197'*) but we 
conclude this enzyme to be inappropriate in the present study. We prefer the use 
of Na /K -ATPase as a plasma membrane 
and its specific ouabain-sensiti vity. 
marker because of its membrane-specificity 
Test for substrate accessibility of the membrane vesicles 
Tween-80 had no significant effect on Na /K -ATPase activity of membrane 
vesicles of the P--fTaction (Table 2). As detergent treatment of sealed vesicles 
+ + 
should increase Na /K -ATPase activity (Brotherus et at., 1979) as a result of 
improved substrate accessibility, we concluded that the membrane vesicles of the 
P,-fraction were sufficiently leaky and that they did not require detergent 
treatment for optimal substrate- and ion-accessibility. Apparently the use of 
EDTA in the isolation procedure secures optimal enzyme activities in this plasma 
membrane vesicle preparation. 
Table 2. Effects of Tween-80 on the Na /K -ATPase activities in eel gill plasma 
membranes (P,-fractions). 
Na /K -ATPase activities were used as an indicator of substrate accessibility 
of the membrane vesicle preparation. Samples were pre incubated with Tween-80 
(0.1% v/v) at 370C for 10 min and subsequently incubated for 15 min at 37eC. 
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Similar, buffer preincubated, samples served as controls. Mean values (± S.E.M.) 
are given for six different samples, with the percentage activity in parentheses. 
Na+/K+-ATPase (wmol P./h/mg protein) 
Control s Detergent treated 
Tween-80 51.25 ± T».! (100%) 52.14 ± 15.4 (103?) 
Effects of storage on Ca - or Mg -activated ATP hydrolysis 
2+ 
In Fig. 1 the effects of storage at -90oC on the specific activities of Ca -
2+ 2+ 
or Mg -activated ATP hydrolysis is presented. The Ca -induced ATP hydrolytic 
2+ 
activity proved to be more stable than the Mg -induced ATP hydrolytic activity 
with 61 and 37? of the original activity, respectively, being present after eight 
days. As a result of the difference in sensitivity towards storage at low tempe-
2+ 2+ 
rature, the ratio of Mg -induced ATP hydrolysis to Ca -induced ATP hydrolysis 
decreased from 0.86 to O.6I after one day and to 0.53 after 8 days (P < 0.05). 
Both curves showed the characteristics of a curve composed of a fast and a slow 
component. A rapid decrease is observed during the first day of storage, followed 
by a slower decrease in activity thereafter. Comparable results were presented by 
Ma et al. (1974) who stored their gill membrane preparations at -20<,C. 
V . ACTIVITY 
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STABILITY OF Me2*-INDUCED 
ATP-HYDROLYTIC ACTIVITY 
C a 2 * - ATP 
M g 2 * - ATP 
Ι ι Ι ι I 1 I 
4 6 8 10 
DAYS AFTER ISOLATION 
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2+ Figure 1. Effects of storage on Mg -induced ATP hydrolytic activities in eel gill 
plasma membranes. Aliquots of P,-fractions were frozen in liquid nitrogen and 
2+ 
stored at -90*0. fte -induced ATP hydrolysis (at 3 mM Mg'WVTP or Ca-WVTP) was assayed 
on the day of isolation and 1, Ί and 8 days afterwards, as described in Materials 
and Methods. Specific activities at day 0 were designated 100% activity and amoun­
ted to 52.8 ± 7-2 umol/P./h/mg protein for Ca^ATP and '»5·'» ± 8.9 pmol/P./h/mg 
protein for Mg^ATP. Mean values and standard errors of the mean are given; n ^ . 
2+ 2+ 
It is tempting to suggest that the difference between Ca - and Mg -induced ATP 
hydrolysis in sensitivity to storage was a result of the differential inactivation 
of a heterogeneous enzyme pool present in eel gill plasma membranes. 
Activation of adenosinephosphate-ester hydrolysis by Ca - or Mg -ions 
Significant hydrolysis of adenosinephosphate-esters upon incubation with eel 
2+ 2+ 
gill plasma membranes was strictly dependent on the presence of Ca - or Mg -ions. 
This requirement for hydrolytic activity may involve activation of enzymes or a 
modification of the conformation of the substrates due to the chelation of these 
ions to adenosine phosphate-esters. The high concentrations of the ions required 
2+ 
for maximum activation (5 mM Ca + 5 mM ATP; Fig. 2) favour the latter explana­
tion. 
In a solution with a mixture of ATP, ADP and AMP and non-saturating concentra-
2+ 2+ 
tions of Ca - or Mg -ions, these ions will preferentially be chelated with the 
most complex 1igand (ATP) because the affinity of the adenosinephosphate-esters 
2+ 2+ for Ca - or Mg -ions increases with increasing numbers of phosphate groups in 
2+ 
these esters (Table 3). At equimolar concentrations of Ca and ATP, enzymatic 
2+ 2+ 
breakdown of the Ca ^АТР complex will give Ca "x-ADP and phosphate as reaction 
2+ 
products. If, on the other hand, a surplus of ATP is present relative to Ca -ions, 
2+ 2+ 
upon enzymatic hydrolysis of Ca ^АТР the Ca -ions will migrate from the reaction 
2+ 2+ 
product Ca ^ADP to the free ATP, which leads to a reaction mixture of Ca ATP, 
and free ATP and AOP. 
2+ 2+ 
Fig. 2 shows the effects of different concentrations of Ca - or MG -ions on 
ATP or ADP hydrolysis at fixed concentrations of ATP or ADP (5 mM). Maximum acti­
vities consistently occurred at equimolar concentrations of divalent ¡on and ATP 
2+ 
or ADP. The V -value for Mg -activation of ATP hydrolysis was 71.5% that of max " 7 7 / ^ 
the V -value found for Ca -activation of ATP hydrolysis. 
max ' ' 
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2+ 2+ Figure 2. Effects of different concentrations of Ca - or Mg -ions on ATP and 
ADP hydrolysis by eel gill plasma membranes (P--fraction). Activities were ex­
pressed as percentages of the maximum hydrolytic activity (observed at 5 mM Ca 
and 5 mM ATP). Specific activities amounted to 60.2 ± 2.8 μπιοί P./h/mg protein 
for 5 mM Ca^ATP, 34.7 ± 8.1 ymol P./h/mg protein for 5 mM Ca^ADP and 43.1 ± 3-9 
' 2+ 
μηοΐ P./h/mg protein for 5 mM Mg^ATP. Mg -concentrations that resulted in half 
maximal activation of substrate hydrolysis (calculated with Lineweaver-Burk 
plots): 78 μΜ Ca 2 + for ATP, 51 μΜ Ca 2 + for ADP and 101 μΜ Mg + for ATP. Mean 
values of six observations are given. 
2+ 
% V, max 
100 
60 
20 
Me2*-INDUCED ΔΤΡ- AND 
ADP-HYDROLYSIS 
ATP.Ca 2 * 
^ ^ ATP »Mg 2 * 
· — · ADP*Ca 2 * 
10 
mM M e 2 * 
2+ The V -values for Ca - a c t i v a t i o n of ADP Hydrolysis came to 57% of the V -
max пих 
values for Ca -activation of ATP hydrolysis. The apparent K
m
-values for Mg^ "1"-
or Ca2+-induced substrate hydrolysis were 78 μΜ Ca + for ATP, 51 μΜ Ca + for ADP 
2+ 2+ 
and 101 μΜ Mg for ATP. ATP-hydrolysis was increasingly diminished at Mg - or 
Ca -concentrations exceeding the ATP concentrations (2.5 or 5-0 mM). 
In Figs. 3(a) and (b) and Table 4 the results of substrate-specificity deter­
minations are shown. Apparent К -values and V -values were calculated on the 
m max 
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Figure 3. Eel gill phosphatase substrate specificity tests. Aliquots of P,-frac­
tions were incubated with equimolar concentrations of adenosine-phosphate esters 
and either Ca (left) or Mg (right). Four plasma membrane preparations were 
tested with six different substrates each. Additionally, curves are shown that 
represent the difference between the specific activities measured with ATP and 
ADP, and the difference between the specific activities measured with ADP and 
AMP. Half-maximal activation concentrations and maximum velocities (calculated 
with Lineweaver-Burk plots) are given in Table k. Mean values and standard errors 
of the mean are given; n ^ . 
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basis of incubations of plasma membranes with varying concentrations of equimolar 
2+ 
amounts of phosphate-esters (ATP, ADP, AMP or p-NPP) and divalent ions (Ca or 
2+ 2+ Mg ). V -values for ADP as compared to ATP (-100%) are 55 and 51% for Ca and 
7+ m a x 
Mg respectively. The V -values for Mg^AMP were twice as high as observed for 
max
 2 + 2+ 
Ca^AMP or p-NPP in combination with either Ca or Mg . 
Apparent К -values decreased with decreasing numbers of phosphate groups in 
the substrate, i.e. the apparent affinities for the simples substrates (AMP and 
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2+ 2+ 
ТаЪЪе 4. Apparent К -values and V -values for Ca - and Mg -substrate complexes m max J 
in eel gill plasma membranes. 
К -values (mM) and V -values (vmol P./h/mg protein) were calculated for in­
dividual samples by means of Lineweaver-Burk plots. Calculated V -values were 
' max 
compared with observed V -values. Mean values are given (i S.E.M.) for four r
 max
 э 
different samples. Significance of differences is given in the text. 
Substrate Apparent К V Calculated Observed 
m max 
Ca^ATP 0 . 8 3 ± 0 . 1 3 3 8 . 1 6 ± 4 . 6 7 5 2 . 7 8 ± 7 . 2 4 ( 1 0 0 2 ) 
Ca-WVDP 0 . 5 3 ± 0 . 1 3 2 3 . 9 5 ± 5 . 4 3 2 8 . 9 3 ± 2 . 6 3 ( 552) 
Ca^AMP 0 . 1 0 ± 0 . 0 4 3 - 4 3 ± 0 . 5 3 3 . 6 9 ± 0 . 3 0 ( 1%) 
Ca-p-NPP 0.14 2.76 2.76 ± 0.12 ( 5*) 
Mg-WVTP 0.52 ± 0.10 29.03 ± 7.43 45.42 ± 8.85 (1002) 
Mg-^ADP 0.38 ± 0.12 20.12 ± 3-55 23-39 ± 2.33 ( 5П) 
Mg^AMP 0.20 ± 0.07 5-34 ± 1.07 7.35 ± 0.86 ( 16%) 
Mg-p-NPP 0.14 3.03 3-03 ± 0.64 ( 72) 
p-NPP) were found to be the highest. No difference was found in apparent affinity 
2+ 2+ 
between AMP or p-NPP in combination with either Ca or Mg . The apparent affi­
nity for Mg^ATP and Mg'WVDP was significantly higher than for Ca-WVTP or Ca^ADP. 
For the ATP complexes as substrates the calculated and observed V -values 
max 
differed significantly. This suggested that the results did not fulfil the re­
quirements for a Lineweaver-Burk transformation. This again may indicate that 
the enzyme preparation is heterogeneous. On the basis of the apparent К -values 
in Table 4 it may be expected that, when ATP-complexes are given as substrate, 
the reaction product Ca'WVDP will preferentially be hydrolyzed to Ca^AMP and sub­
sequently Ca^AMP to adenosine. As the release of phosphate was measured as an 
indication for substrate hydrolysis, the V -values were very likely overesti­
mated when ATP or ADP were used as substrates. Therefore, the saturation curves 
for ATP and ADP hydrolysis-were also presented as the differences between ATP 
and ADP hydrolysis and between ADP and AMP hydrolysis. The differences between 
the corrected values for V of ATP and ADP hydrolysis are not significant. 
max '
 s 
From these observations we conclude that under the conditions described no 
2+ high affinity Ca -ATPase can be demonstrated. Instead the observed hydrolytic 
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activities represent non-specific phosphatase activities. We therefore examined 
the effects of several inhibitors on Ca'vATP and Mg'WVTP hydrolysis in another set 
of experiments. 
Effects of inhibitors on Ca^ATP and McpATP hydrolysis (Table S) 
Under our assay conditions, up to 10 mM (.-phenylalanine (a known inhibitor of 
gut alkal ine phosphatase) had no inhibitory effect on either Ca'WVTP or Mg^ATP 
hydrolysis. Conversely, theophylline, a more potent inhibitor of alkaline phos­
phatase (Ghijsen et al., I98O), inhibited significantly more Ca^ATP hydrolysis 
than Mg'WVrP hydrolysis (23.k and \k.(>% respectively). Both activities were inhi­
bited by up to 80% with L-cysteine (10 mM). However, the calculated 50% inhibi­
tion occurred at 2.27 mM cysteine for Ca'vATP hydrolysis and 6.O8 mM cysteine for 
Mg^ATP hydrolysis (Fig. k). 
Table S. Effects of various inhibitors on Ca'WU'P and Mg'vATP hydrolysis in eel 
gill plasma membranes. 
Inhibition (%) at the most effective inhibitor concentration (mM) is given 
for the average of six individual samples tested with and without inhibitors. 
Maximum inhibition (%) 
Ca'WVTP Mg'WVTP 
Inhibitor (3 mM) (3 mM) 
L-Phenylalanine (10.0) 
Theophylline (1.25) 
Cysteine (10) 
R24571 (0.01) 
Chlorpromazine (O.I) 
Phenothiazine (0.001) 
0.0 
23.Ί 
77.2 
5.1 
6.1 
6.0 
0.0 
14.6 
76.7 
Й.1 
9.0 
10.8 
R2'»571, chlorpromazin and phenothiazin have been reported to inhibit calcium 
2+ 
transport related high-affinity Ca -ATPase activities by competition with cal­
modulin at very low inhibitor concentrations (0.01-1.0 μΜ) or by affecting the 
caImodulin-independent basal activities at higher concentrations (1.0-10.0 μΜ). 
Maximum inhibition of Ca'WVTP or Mg'WVTP hydrolysis occurred at the higher inhibi-
23 
tor concentrations but no significant differences were observed between the 
effects of these inhibitors at low or high concentrations. Mg-WVTP hydrolysis was, 
however, significantly more sensitive (]k% inhibition) towards these inhibitors 
than Ca^ATP hydrolysis (63 inhibition). 
These results confirm that the Ca^ATP or Mg^ATP hydrolytic activities in eel 
gill plasma membranes are not homogeneous. 
Figure 4. L-Cysteine inhibition of Mg-vATP and Са^ЛТР hydrolysis by eel gill 
plasma menfcranes (P.-fract¡on). Half-maximal inhibition was calculated to occur 
at 2.2 mM L-cysteine for СачДТР and at 5 mM L-cysteine for Mg'vATP. Specific acti­
vities in the absence of L-cysteine amounted to 38.2 ± Ί.7 μηιοί P./h/mg protein 
for Ca'vATP (3 mM) and 23.3 ± 3.0 pmol P./h/mg protein for MgiATP (3 n*l). Mean 
values and standard errors of the mean are given; n=6. 
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DISCUSSION 
2+ Four major findings are presented in this paper. (1) Ca -activated ATPase 
activities occurring in the gills of American eels are located in the plasma 
2+ 
membranes of this epithelium. (2) The assay procedures for fish gill Ca ATPase 
previously described in the literature, and retested in this study did not allow 
2+ 
the determination of a single, specific Ca -ATPase. (3) Eel gill plasma mem-
2+ 
branes contain more than one type of enzyme that hydrolyzes complexes of Ca 
2+ 
or Mg -ions and adenosinephosphate-esters, as indicated by substrate specifi­
city tests and effects of various inhibitors on these hydrolytic activities. 
2+ (M These Ca -activated ATPase activities do not represent high affinity, trans-
2+ port Ca -ATPase activity but rather non-specific "alkaline" phosphatase activi-
t ies. 
2+ 2+ 
Location of Ca - or Mg -aotivated ATPase activities 
The procedure used for isolating the plasma membranes of eel gills in this 
study yielded a highly enriched plasma membrane fraction, as indicated by the 
Na /K -ATPase specific activities, with only minor mitochondrial contamination. 
To exclude any interference of mitochondrial ATPase activities, oligomycin and 
sodium azide were routinely added to the assay media. We therefore conclude that 
2+ 2+ 
the observed Ca - or Mg -activated ATPase activities reside in the plasma mem­
branes of the gill epithelium. But we do acknowledge that a portion of these 
activities may have originated from enzyme activities of endoplasmatic reticu­
lum origin as we did not screen for marker enzyme activities for these membranes 
during the isolation procedure. The activation curves observed for ATP hydrolysis 
2+ 2+ 
at increasing concentrations of Ca - or Mg -ions with this preparation resembled 
closely those previously reported for gill membranes of rainbow trout (Ma et al., 
197Ό, American eels (Fenwick, 1976), roach (Shepard, 1981), and tilapia (our 
unpublished observations). The calculated К -values for Ca - or Mg -activation 
m 
of ATP hydrolysis are similar to previously published values (Fenwick, 1979). 
The differences in V -values presented here and those in the earlier literature 
may be the result of the use of more highly purified membrane fractions in the 
present study and from differences in incubation temperatures. 
2+ 
Charaoteristias of the Ca -activated ATPase activities 
One of the results of this study we wish to emphasize is that the assay proce-
25 
2+ dures previously employed for Ca -activated ATPase activities in fish gills 
(among others) did not fulfil the requirements for the determination of transport 
2+ Ca -ATPases. Rather they yielded non-specific activities of Ca^ATP or Mg^ATP 
hydrolyzing enzymes. To support this contention we propose four major criticisms. 
2+ (1) The affinity of the reported ATPase for Ca was too low for an enzyme that 
2+ 2+ 2+ 
must be stimulated by Ca at intracellular Ca -concentrations. (2) This Ca -
stimulated ATP hydrolysis, even measured at suboptimal pH (Fenwick, 1979), would 
2+ + 
indicate Ca -transport rates that would surpass the Na -transport rates by 
several orders of magnitude. (3) No evidence was provided that ATP was the pre­
ferential substrate. (4) The pH-optima for the activities were reportedly in the 
alkaline trajectory (Ma et al., 1974; Fenwick, 1976) and were thus characteristic 
for alkaline phosphatase. 
Because of these criticisms we conclude that the observed activation curves 
2+ 2+ for Ca - or Mg -Induced ATP hydrolysis represent saturation curves for com-2+ 2+ 
plexes of ATP with either metal ion rather than Ca - or Mg -activation of ATP-
hydrolyzing enzymes. Hydrolysis of ATP is strictly dependent on the presence of 
2+ 2+ 
Ca or Mg , suggesting that ATP alone is not (detectably) used as a substrate. 
2+ 2+ Upon addition of Ca or Mg to ATP-containing media, these metal ions will be 
chelated by ATP (Walaas, 1958; Sapper et al., 1980). Although Mg 2 + is chelated 
2+ 
more strongly than Ca by ATP, both interactions have the same modifying effect 
on the conformation of the adenosine-phosphate-ester and thus allow effective 
binding of the phosphate group to the active site of enzymes. In this context it 
should be mentioned that Na /K -ATPase (Booting Б Caravaggio, 1963) as well as 
2+ 
the typical transport Ca -ATPases of rat intestine (Ghijsen et ál., 1980) are 
dependent on Mg'WVTP although they may be inhibited by Ca^ATP (Epstein £ Whittam, 
1966). 
2+ 2+ 
Maximum velocities are found at equimolar concentrations of Ca or Mg and 
2+ 2+ 
ATP or ADP. However, when Ca - or Mg -ion concentrations exceeded the ATP-
concentration by 2.5 or 5-0 mM, ATP-hydrolysis was inhibited. This indicates 
2+ that Ca-ATP and Mg-ATP hydrolysis is inhibited by high levels of free Ca or 
Mg respectively. 
The possibility cannot be excluded that in our assay procedure, stimulation 
of free or complexed ATP hydrolysis occurs by micromolar concentrations of free 
2+ 2+ 7+ 2+ 
Ca or Mg . But if we assume that the presence of both Ca and Mg in the 
2+ 
assay medium is a prerequisite for the determination of a transport Ca -ATPase, 
it is clearly not possible to show such an enzyme with the assay procedures 
applied in this and many other studies. Additionally, we want to stress that 
2+ 
free Ca -ion concentrations of the assay media in the micromolar range cannot 
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be obtained reliably unless appropriate buffering with EGTA or NTA is employed 
(Sharff, 1979, 1981 ; Ghijsen et al., I980). 
2+ 
Moreover, when a surplus of ATP relative to Ca is used, new substrate will 
constantly be produced in the assay medium as the free ATP will react with the 
2+ 
reaction product Ca-ADP to produce Ca-ATP and ADP. When this Ca -dependent 
2+ 
substrate production occurs, the activation curve represents the effects of Ca 
2+ defined substrate concentrations rather than the effects of Ca -concentrations 
on ATP-hydrolytic activities. When ADP was substituted for ATP in this type of 
experiment, comparable results were obtained. No phosphate release occurred in 
2+ the absence of Ca . The shape of the activation curve observed resembled the 
one for ATP and suggested that the hydrolysis of ADP is also dependent on the 
2+ 
chelation of Ca 
As P.-release was measured as an indication of substrate hydrolysis in all 
cases, no straightforward answer can be given as to whether these activities 
were the result of the hydrolysis of a single substrate-complex or of a combina­
tion of the original substrate and the reaction products. К -values calculated 
J r
 m 
2+ for Ca -activation of ATP or ADP hydrolysis by the enzyme preparations used, 
may therefore be incorrect due to the continuous production of new substrate. 
2+ 
If such was the case the affinities for complexes of ATP and ADP with Ca or 
2+ 
Mg were probably overestimated. 
2+ 2+ 
To test the preferences for Ca - and Mg -substrate complexes we measured 
2+ 
the activation curves for these complexes, assuming a 1:1 ratio for Ca - or 
2+ 
Mg -chelation by the adenosinephosphate-esters, К -values were found to be much 
higher than the values found in the presence of unchelated ATP, probably because 
substrate concentrations become limiting at low concentrations. Surprisingly, 
К -values calculated from Lineweaver-Burk plots for the different complexes were 
highest for the ATP-complexes and lowest for the AMP-complexes. As the affinity 
for ADP and AMP, which appear as reaction products during the hydrolysis of ATP, 
were higher than for the original ATP it was to be expected that hydrolysis of 
the first-given substrate would continue until dephosphorylation was complete. 
Therefore the V -values for ATP- and ADP-complexes calculated on the basis of 
max
 r 
P,-release are overestimated. Thus when P.-release is used as a measure for sub­
strate hydrolysis, the rate of ATP hydrolysis is better estimated as the diffe­
rence between ATP and ADP hydrolysis, and ADP hydrolysis as the difference be­
tween ADP and AMP hydrolysis. Corrected in this way, the V -values for Ca-ATP, 
' ' ' max ' 
Ca-ADP and Mg'WVTP were not significantly different from each other. The values 
for Mg'V'ADP were significantly lower; those for Mg'WVMP and Ca'WWP were lower still. 
This would clearly point again to the non-specific character of these phosphatase 
act iv i t¡es. 
27 
However, care should be taken with results obtained from Lineweaver-Burk plots 
when complicated samples such as plasma membrane-preparations are used. When the 
same results are plotted according to Eadie-Hofstee, no straight lines were ob­
served for any substrate tested. This would mean then that the data do not fulfil 
the requirements for kinetic analysis by means of a Lineweaver-Burk plot (Borst 
Pauwels, 1973). This finding might also explain why the calculated V -values 
were found to be lower than the observed values. Furthermore, the fact that no 
straight lines were observed in Eadie-Hofstee plots for substrate-complexes sup­
ports again the postulate that more than one phosphatase activity is present in 
eel gill plasma membranes. Another complicating factor is the observation that 
the high P.-levels, which were yielded with high concentrations of substrate-
complexes, may have inhibited phosphatase activities. This would result in an 
underestimation of V -values. 
max 
We conclude that the non-specific Ca^ATP-phosphatase activity in the eel gill 
hydrolyzed Ca'WVDP and Mg^ATP equally well (equal V -values), when substrate 
hydrolysis is estimated properly. These data are also more consistent with the 
2+ 2+ 
thesis that the activation of ATP or ADP hydrolysis by Ca or Mg is more 
likely a result of chelation of these metal ions by the substrates rather than 
2+ 2+ 
a direct stimulation of enzymes by Ca or Mg . But it cannot be excluded that 
the P. measured when Ca^ATP is the substrate, originates from a Ca^ATP, an ATP 
hydrolyzing activity (or both) after stimulation by micromolar concentrations of 
2+ free Ca present in the reaction media. For the determination of such "high-
2+ 2+ 
affinity" Ca -ATPases the assay media must contain Ca -buffers to establish 
2+ 
reliably micromolar concentrations of Ca 
Effects of various inhibitors on CaMTP and MgMTP hydrolysis 
2+ 
As the previously reported pH-optima for Ca -activated ATPase activities 
approximated a value of 8.0 (Ma et al., ІЭІ1*; Fenwick, 1976) we deduced that most 
of the P.-release was due to non-specific alkaline phosphatases and we therefore 
tested the effects of various inhibitors on Ca'vATP and Mg'WVTP hydrolysis. L-Phenyl· 
alanine, theophylline and L-cysteine are reported to affect non-specific phospha­
tases with alkaline pH-optima. Chlorpromazine, phenothiazine and calmidazolium 
(RZkSJi) are reported to act as calmodulin-antagonists in a concentration-depen­
dent way and to inhibit calcium transport in rat enterocytes and human erythro-
2+ 
cytes by inhibition of the high-affinity transport Ca -ATPases (Ghijsen et al. f 
1982; Gietzen et al., 1981). 
L-Phenylalan ¡ne (up to 10 mM) did not affect Ca'WVTP or Mg'WVTP hydrolysis under 
28 
our standard conditions (pH 7 ·'») · These results concur with the results of Ghosh 6 
Fishman(1966), who similarly reported that phosphatase activity was not inhibited 
by L-phenylalanine at pH-values below 7.8. On the other hand, Ghijsen et al. (I98O) 
did report significant L-phenylalanine-induced inhibition of alkaline phosphatase 
activity in rat enterocyte plasma membranes, at a pH of 7.'*. This discrepancy may 
reflect the organ-specificity of L-phenylalanine suggested by Ghosh Б Fishman 
(I966). Other explanations for this discrepancy are that the kind of substrate 
used was not appropriate to show the effects of the inhibitor, or the fact that 
membrane preparations were used instead of pure enzymes. Theophylline, a more 
potent inhibitor of alkaline phosphatase activities than L-phenylalanine, had 
maximal effects at a concentration of 1.25 mM on both Ca'vATP and Mg^ATP hydrolysis, 
but the Ca'WVTP hydrolysis was inhibited to a greater extent than the Mg'WVTP hydro­
lysis. This suggests that Са'ьАТР was the preferred substrate for a gill phospha­
tase activity. However, both Ca^ATP and Mg^ATP can be hydrolyzed by theophyl1ine-
sensitive enzyme activities. Maximum inhibition produced by theophylline was 20% 
of the total hydrolytic activity indicating again heterogeneity of enzyme activity. 
Cysteine, an alkaline phosphatase inhibitor that acts by binding the intrinsic 
2+ 
Zn -ion gave up to 80% inhibition of both Ca^ATP and Mg^ATP hydrolysis. Calcula­
ted l-Q-values, however, differed significantly for these substrates: I — -Са'ъАТР: 
5.0 mM, Iç.-Mg'WVrP: 2.2 mM. Thus, the cysteine would seem to act by dissociation 
of the substrate-complexes rather than directly via the enzymes. Therefore, these 
results do not allow the conclusion that the phosphate release is due to the 
с , 2+ presence of Zn -containing enzymes. 
The phenothiazines inhibited Mg'WVTP and Ca'WVTP hydrolysis to a different extent: 
maxima were only dX for Ca'WVTP and 15% for Mg'WVTP. This finding suggests that a 
large quantity of non-specific phenothiazine insensitive phosphatase activity was 
present. But whether the effects of these inhibitors at high concentrations re­
sulted from competition with calmodulins, which are abundantly present in these 
membrane preparations (unpublished observation) or resulted from an effect on 
membrane integrity, causing reduced hydrolytic activity (Van Belle, I98I), re­
mains to be elucidated. 
Tentatively, we conclude that at least a portion of the Ca'WVTP and Mg'WVTP 
hydrolytic activity is calmodulin dependent. This calmodulin-sensitive component 
preferentially hydrolyzes Mg'WVTP. However, the calmodul in-antagon ists attenuate 
2+ 
Ca -activated ATPase activity only to a small extent. The latter conclusion 
2+ 
indicates that a major part of the presumptive Ca -ATPase activity cannot be 
1 j . . » 2+ involved in active Ca -transport. 
2+ 
In further studies on Ca -stimulated phosphatases in eel gill plasma mem-
29 
2+ 
branes we were able to discriminate between non-specific, Ca -stimulated phospha-
2+ 
tases and high-affinity Ca -ATPase activity that may represent the calcium pump 
(data to be published separately). In fresh water adapted eels, both activities 
2+ 
are correlated negatively with the environmental Ca -concentration. Although 
2+ 
the non-specific Ca -stimulated phosphatase activity does not fulfil the require-
2+ 2+ 
ments of a Ca -transport ATPase, some relation of this activity with Ca 
transport phenomena seems to exist. Thus, more than one enzyme activity located 
2+ in the plasma membrane may be involved in gill transepithelial Ca -transport. 
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CHAPTER III Comp. Biochem. Physiol. 
(1984) In Press. 
Ca 2 +-DEPENDENT PHOSPHATASE AND Ca 2 +-DEPENDENT ATPase ACTIVITIES IN PLASMA 
MEMBRANES OF EEL GILL EPITHELIUM. 
II EVIDENCE FOR TRANSPORT HIGH-AFFINITY Ca 2 +-ATPase. 
ABSTRACT 
2+ 
1. Ca -ATPase activity was studied in eel gill plasma membranes. In the presence 
2+ 2+ 
of 2 mM free Mg , Ca -stimulated ATP- and ADP-hydrolysis was observed with 
2+ 2+ 
up to 2 mM Ca . Kinetic analysis of Ca -induced substrate hydrolysis by 
2+ 
Eadie-Hofstee plots suggested that the Ca -ATPase activity consisted of two 
components in these membranes. One phosphatase component had high affinity for 
calcium (1С
 c
: 0.22 μΜ, V : S·1»! * 0.63 pmol P..h" .mg protein ) and a 
и. э max ι », 
marked preference for ATP and was judged to be a typical high-affinity Ca 
2+ 
ATPase. The second component had low affinity for Ca (К- _ i 230 μΜ) and 
-1 -1 
hydrolyzed ATP and ADP equally well (V : 10.70 ± 1.25 μιηοΐ P..h .mg protein ), 
characteristics consistent with non-specific phosphatase activities. 
2+ 2+ 
2. The high-affinity Ca -ATPase activity, determined as the 1 μΜ Ca induced 
2+ 
ATP-hydrolysis in the presence of 2 mM Mg, , was inhibited about 75% by 
EGTA-treatment of the membrane preparation, 87% by 10 M chlorpromazine and 
100% by 10 M calmidazol ium (R2ii57l). L-phenylalan ine, theophylline, oligo-
2+ 
mycine or azide did not affect this high-affinity Ca -ATPase activity. 
2+ 
3. Low-affinity phosphatase activity, determined at 200 μΜ Ca , induced ΑΤΡ-
and ADP-hydrolysis with equal effectiveness and was not affected by any of 
the forementioned Inhibitors. A specific inhibitor of this latter activity 
was not found. 
2+ 
*». The calculated activation energy of the high-affinity Ca -ATPase calculated 
on the basis of specific activities at 25° and 37° was 57.9 kJ/mol. 
2+ 
5. In our membrane preparations the specific activities of high-affinity Ca -
ATPase and Na /К -ATPase were in the ratio of 1 to 20.k. 
6. From these results we concluded that: 
a) eel gill branchial epithelial plasma membranes contain a high-affinity 
2+ 2+ 
Ca -ATPase with characteristics of a transport Ca -ATPase; 
b) this activity Is calmodulin dependent as it was Inhibited by calmodulin 
antagonists and decreased by EGTA-treatment; 
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2+ + + 
с) association of the high-affinity Ca -ATPase activity and Na /K -ATPase 
2+ 
activity in the same membrane fraction suggests that the Ca -transport 
2+ 
mechanism for transepithelial Ca -transport is concentrated in the 
chloride cells of the gills. 
INTRODUCTION 
2+ 
In terrestrial vertebrates intestinal absorption of Ca performs a pivotal 
role in calcium metabolism. Studies with mammals and birds showed that in-
2+ 
testina! absorption of Ca is associated with an active transport process, 
which is regulated by 1ci,25-dihydroxy-vitamin-D, (Van Os 6 Ghijsen, 1982; 
Wasserman et al., 1982). Martin et al. (1969) were the first to report on the 
2+ presence of a "vitamin-D" stimulated Ca -ATPase activity in the brushborder 
of rat small intestine and comparable activities have subsequently been re­
ported in whole homogenates and brushborder membranes (Kowarski 6 Schachter, 
1973; Lane ε Lawson, 1978) and basolateral membranes (Mircheff et al., 1977) 
of mucosa of the small intestine. 
2-
ty was assayed at non-physiological Ca 
2+ 
2+ + 
However, t h i s Ca -ATPase a c t i v i t y was assayed a t n o n - p h y s i o l o g i c a l Ca -con-
2 
c e n t r a t i o n s , had several c h a r a c t e r i s t i c s which are d i f f e r e n t from the Ca 
2+ t r a n s p o r t i n g Ca -ATPase o f e r y t h r o c y t e membranes, and as a r e s u l t i t was 
i d e n t i f i e d as a plasma membrane ( a l k a l i n e ) phosphatase (Holdsworth, 1970; 
2+ Haussler et al., 1970) r a t h e r than a c l a s s i c a l Ca - t r a n s p o r t i n g enzyme. On 
the o t h e r hand i t is dependent on v i tamin-D and i t s a c t i v i t y is p o s i t i v e l y 
2+ 
correlated with trans-epithelial Ca -transport (Mircheff et al., 1977)ι so 
that some involvement, not yet defined, in the process of calcium transport 
has been presumed. 
Recently, Ghijsen Б Van 0s (1979) and Ghijsen et al. (I98O) successfully 
demonstrated the presence of both an alkaline phosphatase and a transport 
2+ 
Ca -ATPase enzymic activity in the basolateral plasma membranes of rat ente-
rocytes. Differentiation between these two enzyme activities was realized on 
the basis of inhibitor and substrate specificities. Moreover, studies on 
phosphorylated intermediates of the phosphatases of these membranes (De Jonge 
2+ 
et al., I98I) and on Ca -transport in basolateral membrane vesicles (Ghijsen 
2+ 
et al., 1982) provided substantial evidence that Ca -transport by the ente-
2+ 
rocyte plasma membrane must be attributed to a high-affinity Ca -ATPase 
2+ 
activity. This last enzyme, when assayed in the presence of 2 mM free Mg , 
2+ 2+ 
shows high affinity for Ca (К. _ < 1 μΜ), prefers (Mg -)ATP as a substrate 
З^  
and is stimulated by calmodulin, three characteristics that are also associated 
2+ 
with mammalian erythrocyte transport Ca -ATPase (Vincenzi ε Larsen, 198O). 
A similar enzyme has been demonstrated in avian oviduct shell gland (Coty 6 
2+ 
McConkey, 1982). Such Ca -transport ATPases are now postulated to be gene-
2+ 
rally present in all animal cells for the purpose of Ca -extrusion to main-
2+ 
tain low free Ca -levels in the cytosol (Schatzmann, 1982). If this is correct 
it follows that high levels of this enzyme should be found in epithelia specia-
2+ 
lized for Ca -transport such as the teleost gills but to our knowledge no 
pertinent reports have been published on these animals. 
In this paper results are presented that demonstrate the presence of a 
2+ high-affinity Ca -ATPase in the gills of a teleost fish. Fresh water teleosts 
take up Ca from the water almost exclusively via the gills (Berg, I98I), a 
process that can be stimulated by the hormone prolactin (Wendelaar Bonga Б Flik, 
2+ 
1982). The molecular mechanisms by which prolactin exerts its effect on Ca 
uptake via the branchial epithelium are unknown. For many teleostean species 
2+ 
branchial Ca -ATPase activities have been reported (Ma et al., ІЭ?*»; Fenwick, 
1978; Moon, 1978; Ho 6 Chan, I98O; Shephard, I98I; Doñeen, 1981). 
Moreover, these activities are positively correlated with trans-epithelial 
transport rates of Ca in isolated gills (So 6 Fenwick, 1977). Recently we 
2+ 
have shown that the characteristics of the putative branchial Ca -ATPase 
2+ 
activities, such as low apparent Ca -affinity and alkaline pH optima, do not 
2+ fulfil the requirements for a transport Ca -ATPase; rather the characteristics 
2+ 
of this branchial Ca -ATPase are consistent with those of an alkaline phos-
2+ 
phatase (Flik et al., 1983). The observed Ca -activated ATP-hydrolys is by 
these gill membrane phosphatases are most easily explained on the basis of 
2+ 2+ 
chelation of Ca with the substrate and not from stimulatory effects of Ca 
on enzyme activities. We concluded that the assay conditions reported in the 
2+ literature to measure gill Ca -ATPase activities do not allow the resolution 
2+ 
of a homogeneous transport Ca -ATPase. 
2+ 
We now report studies on the substrate specificity of Ca -induced ATP-
2+ hydrolysis in gill plasma membranes of the eel. Ca -induced ATP-hydrolysis 
2+ 
was assayed in the presence of 2 mM free Mg , as recommended by Ghijsen Б 
Van Os (1979) and Ghijsen et al. (I98O; 1982), under conditions that allow 
2+ 
predictions of free Ca levels in the micromolar range. By so doing, we 
2+ 
demonstrate t h a t the h i g h - r a t h e r than the l o w - a f f i n i t y Ca -ATPase in these 
membranes has c h a r a c t e r i s t i c s common t o those found in mammalian i n t e s t i n a l 
2+ 
and e r y t h r o c y t e Ca t r a n s p o r t systems. 
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MATERIALS AND METHODS 
Materials 
All assays were performed in disposable phosphate-free plastic tubes. All 
reagents used were of the highest purity commercially available. Ultra pure 
water was used in all assays. Calmidazol ium (K1.k5T\) was purchased from 
Janssen Pharmaceutica, Beerse, Belgium. All other chemicals were obtained from 
Sigma (St. Louis, Mo.). 
Membrane isolation 
Female yellow eels. Anguilla rostrata LeSueur, with an average body weight 
of 1.7 Kg were purchased in May 1982 from a commercial fish dealer in Québec 
City, Québec, Canada. The eels were held in running de-chlorinated Ottawa 
2+ 
city tapwater (0.45 mM Ca , 120C) and under a photoperiod of 16 h of light 
alternating with 8 h of darkness until July and August 1982 when the experi-
ments were performed. The animals were not fed. 
After quick anesthesia in a Tris-buffered (pH 7.Ό MS-222 solution (6 g.L ) 
the heart was exposed. A cannula was Inserted into the bulbus arteriosus and 
the branchial apparatus was perfused with 30 ml of ice cold isotonic, heparin 
(20 U/ml) containing saline, until the gills were cleared of blood cells. 
The protease inhibitor PMSF (0.2 mM) was added to the perfusion fluid to en­
hance enzyme recovery. The branchial epithelium (about 2.5 g w.wt/Kg fish) was 
scraped off with a glass microscope slide onto an ice cold glass plate. All 
subsequent steps were performed at 0-'»oC. A highly enriched plasma membrane 
fraction as judged from high Na /K -ATPase purification factors, with only 
minor mitochondrial contamination as judged from low recovery of succinic 
dehydrogenase activity, was obtained with centrifugation techniques (Flik et al., 
1983)· Scrapings were disrupted (20 strokes) in large volumes (75 ml) of a 
hypotonic buffer with a loose-fitting Dounce homogen izer. The homogenate was 
centrifuged at 550 g for 15 min (Sorval RC-2B) to remove nuclei and cellular 
debris (pellet). The membranes and mitochondria were pelleted by centrifugation 
of the supernatant for 30 min at 27 К rpm (Beekman SW 28 rotor) and the pellet 
was resuspended with the same Dounce homogenizer (100 strokes) in an isotonic 
(sucrose) buffer containing EDTA (0.5 niM) to assure a leaky membrane prepa­
ration. The resulting membrane suspension was centrifuged differentially: 
1 К g. 10 min, 10 К g. 10 min and 30 К g. 30 min (Sorval RC-2B). The final 
Pellet was rinsed twice and subsequently resuspended in a buffer containing 
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20 mM Hepes/Trls (pH 7 . 4 ) , 100 mM NaCl and 5 mM MgCl, . A l i q u o t s of t h i s suspen­
sion were r a p i d l y f rozen In l i q u i d N. and s t o r e d a t SO'C f o r a maximum of 3 
weeks. Recovery In the g i l l membrane p r e p a r a t i o n w i t h respect t o the crude 
homogenate, was: 2.6 ± 0.57$ (n=7) f o r the t o t a l p r o t e i n , and 13.1 ± 2.33$ f o r 
the t o t a l Na /K -ATPase. The Na /K -ATPase was c o n c e n t r a t e d 6 0 - f o l d and only 
3.4 ± 0.4% (n=7) of the I n i t i a l s u c c i n i c dehydrogenase a c t i v i t y renained in 
t h i s p r e p a r a t i o n . To i n h i b i t ATPase a c t i v i t i e s r e s u l t i n g from m i t o c h o n d r i a l 
c o n t a m i n a t i o n , o l i g o m y c i n В and sodium az ide were added r o u t i n e l y t o a l l 
assays f o r Ca - s t i m u l a t e d ATPase a c t i v i t i e s . Detergent t reatment (Tween-80 
or T r i t o n X-100, 0 . 1 % v/v) d i d not a f f e c t Na /K -ATPase a c t i v i t i e s o f mem-
brance p r e p a r a t i o n s i s o l a t e d in the presence o f EDTA. A maximum Increase of 
120% in Na /K -ATPase s p e c i f i c a c t i v i t i e s was observed a f t e r d e t e r g e n t t r e a t ­
ment of membranes i s o l a t e d in the absence o f EDTA. These o b s e r v a t i o n s were 
taken as evidence t h a t the use of EDTA d u r i n g i s o l a t i o n produced the leaky 
v e s i c l e p r e p a r a t i o n necessary f o r opt imal s u b s t r a t e and ion a c c e s s i b i l i t y . 
2+ 2+ 
The Ca - c o n c e n t r a t i o n of t h i s membrane suspension was 100 nmol Ca per mg 
BSA e q u i v a l e n t s membrane p r o t e i n . 
Enzyme assays 
2+ Ca - s t i m u l a t e d ATPase a c t i v i t i e s were assayed as descr ibed by Ghi jsen et 
al. (1980; 1982), in a medium c o n t a i n i n g 100 mM NaCl, 5 mM MgCl 2 , 3 mM Na2ATP, 
5 mM NaN,, 0.1 mM ouabain, 5 vg/ml o l i g o m y c i n В and 20 mM Hepes/Tris (pH 7 . 4 ) . 
2+ A 1 mM c a p a c i t y Ca - b u f f e r system (0.5 mM EGTA + 0-5 mM NTA) was used t o 
2+ 2+ 
ensure p r e d i c t a b l e f r e e Ca l e v e l s in the micromolar range. Ca - induced ATP-
h y d r o l y s i s was taken as the d i f f e r e n c e in P.-release in the presence and absence 
of Ca . Membrane suspensions (20 μ ΐ , 14.1 ± 0.5 yg BSA e q u i v a l e n t s ) were mixed 
on ice w i t h 500 μΐ ice c o l d assay medium and the enzyme r e a c t i o n s were s t a r t e d 
by incubat ion in a shaking water-bath a t 25<>C or 370C f o r 30-45 min. 
The r e a c t i o n was stopped on ice w i t h 100 y l ice c o l d TCA (40% w/v) and phos­
phate was analyzed as descr ibed by Fenwick (1976). S t i m u l a t i o n of ADP- and 
2+ p-NPP-hydrolysis by Ca was determined in the same medium but ATP was replaced 
2+ 
by 3 mM of the d i f f e r e n t s u b s t r a t e s . In these cases the f r e e Ca - c o n c e n t r a t i o n s 
were c a l c u l a t e d , t a k i n g I n t o account the r e s p e c t i v e s t a b i l i t y c o n s t a n t s of the 
2+ 
s u b s t r a t e s and Ca . Chlorpromazine, t r i f l u o p e r a z i n e and calmidazol¡urn stock 
so lu t i ons were prepared in ethanol on the day of assay. To prevent fo rmat ion 
of f ree r a d i c a l s t r i f l u o p e r a z i n e so lu t i ons were p ro tec ted f rom l i g h t . 
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Effects of phenothiazins and calmidazol¡um were tested at constant membrane pro-
tein concentrations to exclude variation in inhibitor concentrations due to the 
lipophilic interactions with membranes suggested by Hinds et al. (I98I). 
Protein, Na /К -ATPase, p-NPPase and succinic dehydrogenase were assayed as 
2+ described by Flik et al. (1983). The concentrations of stock Ca -solutions were 
checked by atomic absorption spectrophotometry in the presence of La (20 mM). 
Statistical analysis of the data was carried out with Student's t-test. Signifi­
cance was accepted with ρ < 0.05 when η £ k or with ρ < 0.02 when η > k (two-
sided, a=5%). Results are expressed as mean values ± standard error of the mean 
(S.E.M.). Linear regression analysis was based on the least-squares method. 
2+ Kinetic parameters of Ca -stimulated phosphatase activities were calculated 
after fitting the data with an iterative procedure based on the least-squares 
method using a conputer programme developed for a two-site single carrier trans­
port model (Borst Pauwels, 1973). 
RESULTS 
2+ . . . 
Ca -stimulation and substrate speabfbcvty 
2+ 
In Fig. 1 the results of substrate preference tests are shown for Ca -stimu-
2+ 
lated phosphatase activity in eel gill plasma membranes. At Ca -concentrations 
2+ lower than 100 μΜ, in the presence of 2 mM free Mg , stimulations of ATP-hydro-
lysis is significantly greater than hydrolysis of ADP (P < 0.001). 
*/. activity 
160 200 
цМСа
2
* 
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2+ Figure 1. Effect of Ca on ATP- and ADP-hydrolysis by plasma membrane of eel 
branchial epithelium. Activities are expressed as percentages of maximum ATP-
2+ 
hydrolysis obtained at 200 μΜ free Ca (= 100?). Hydrolysis of ATP and ADP in 
2+ - 1 - 1 
the absence of Ca were 41.01 ± 4.79 and 33.2 ± 5-48 ymol P..h .mg protein 
2+ ' 
respectively; 200 μΜ free Ca -induced hydrolysis of ATP and ADP were 8.94 ymol 
P..h .mg protein and 6.71 ymol P..h .mg protein , respectively. Mean values 
± S.E.M. ; n=6 in all cases, о o ATP, · · ADP. 
2+ 
At higher Ca -concentrations no significant difference was observed between 
2+ 2+ 
Ca -induced ATP- and Ca -induced ADP-hydrolysis (P > 0.15). Eadie-Hofstee 
2+ 2+ 
plots (Fig. 2) of Ca -induced ATP- and Ca -induced ADP-hydrolysis reveal that 
2+ two Ca affinity sites are present when either substrate was used. Computed 2+ 
К -values for the high-affinity sites amount to 0.22 yM Ca for ATP-hydrolysis 
nl
 2+ 
and 0.32 μΜ Ca for ADP-hydrolysis, whereas the low-affinity sites have К 
2+ 2+ m 
values of 0.535 mM Ca for ATP-hydrolysis and 0.230 mM Ca for ADP-hydrolysis (Table I). Clearly these results indicate the simultaneous presence of high-
2+ 
affinity Ca -ATPase and low-affinit 
branes of eel branchial epithelium. 
y phosphatase activities in plasma mem-
2+ 
Effects of phenotkiazins and oalmtdazol-ium on Ca -induced ATP hydrolysis 
To further differentiate between either activity we investigated the effects 
2+ 
of well-known inhibitors of high-affinity transport Ca -ATPase and non-specific 
2+ phosphatases on Ca -induced substrate hydrolysis in the presence of 1 or 200 yM 
2+ free Ca as suggested by Ghijsen et al. (I980). As shown in Table II, chlor-
promazine (10 M), trifluoperazine (10 M) and calmidazolium (10 M) inhibited 
2+ 1 μΜ Ca -induced ATP hydrolysis. Calmidazolium gave complete inhibition without 
2+ 
significantly affecting background activities (= zero Ca ). Trifluoperazine was 
a more powerful inhibitor than chlorpromazine, but in contrast to the latter 
inhibitor it also significantly affected background activities. All three in­
hibitors, at the low concentrations tested, are thought to display their effects 
as calmodulin antagonists, with calmidazolium being the most potent and specific 
substance (Van Belle, I98I). We therefore tested the effects of EGTA-treatment 
2+ 
and calmidazolium on 1 μΜ Ca -induced ATP-hydrolysis. EGTA-treatment decreased 
2+ 
the Ca -ATPase activity more than three-fold and led to 35% decrease in back­
ground activities. 
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2+ Figure 2. Eadie-Hofstee plots of Ca -induced ATP- and ADP-hydrolytie activities 
in plasma membranes of eel branchial epithelium at various calcium concentrations. 
Enzymic activities (V) are expressed as percentage stimulation above background 
2+ 
hydrolytic activity. Ca -concentrations (S) are expressed in yM. Background 
activities are 41.01 ± 4.79 and 33.2 ± 5.48 ymol P-.h'^mg protein"1 for ATP and 
ADP, respectively. Computed К and V values are presented in Table I. 
о o ATP, · 
6 determinations. 
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V ('/• stimulation) 
10 -
30 M 
20 
10 
ДТР 
0 ' 1 1 1 . 
0 (. β 12 16 20 
V/S 
VI */. stimulation ) 
10 
30 - I 
20 -
10 -
Д0Р 
0 L ' - ' • 
10 
V/S 
40 
2+ Table I. Kinetic parameters of Ca -stimulated ATPase and ADPase activities in 
plasma membranes of eel branchial epithelium. 
2+ -1 
1С -values are expressed in μΜ Ca and V -values in μιηοΐ P..h .mg protein 
Enzyme activities were assayed in the presence of up to 5 mM free Ca and 2 mM 
2+ free Mg and either 3 mM ATP or 3 mM ADP. V -values of the low-affinity sites 3
 max 
were corrected for substrate hydrolysis resulting from stimulation of the high-
affinity sites. Values were computed from Eadie-Hofstee plots after fitting the 
data on the basis of a general rate equation for a two-site transport model by 
means of an iterative procedure (Borst Pauwels, 1973). Mean values ± S.E.M. are 
given; n=6. 
Substrate 
ATP 
ADP 
High-
K o . 5 
0.22 
0.32 
a f f i n i t y s i t e 
V 
max 
5.41 ± 0.63 
2.32 ± 0.38 
Low-af 
K 0 . 5 
535 
230 
f i n i t y s i t e 
max 
10.70 ± 1.25 
8.50 ± Ι Λ Ο 
Table II. Effects of chlorpromazine, trifluoperazine, calmidazolium and EGTA-
2+ 
treatment on background ATPase and Ca -ATPase activities in plasma membranes of 
eel branchial epithelium. 
Enzyme activities are expressed as ymol P..h .mg protein and were assayed 
at 370C. Inhibitors were dissolved in ethanol. Final ethanol concentrations in 
the assay media did not exceed 0.1% v/v ethanol (= controls). Membrane suspen­
sions were pre-incubated with inhibitors or solvent for 15 min at 370C as 
suggested for calmidazolium (Van Belle, I98I). EGTA-treatment consisted of re-
suspension of membranes with a loose-fitting Oounce homogenizer (100 strokes) 
in 10 volumes of 20 mM Hepes/Tris (pH 6.8), 100 mM NaCl and 5 mM EGTA; membranes 
were collected by centrifugal ion and subsequently washed two times with the 
standard basis assay buffer (see Materials and Methods). Mean values ± S.E.M. 
are given with the number of observations in parentheses. 
Enzyme a c t i v i t i e s 
2+ Treatment Background ATPase Ca -ATPase 
Controls 45.7 ± 3.6 (26) 3.45 ± 0.35 (26) 
Chlorpromazine (10"5 M) 41.9 ± 3.2 (26) 0.43 ± 0.03 (26) 
Trifluoperazine (10 ' M) 34.7 ± 2.7 (26) 0.14 ± 0.10 (26) 
Calmidazolium (10 M) 40.3 ± 3.0 (26) N.S.* (26) 
EGTA + Ethanol 0 . П v/v 29.8 ± 4.7 (8) 1.05 ± 0.04 (8) 
EGTA + Calmidazolium (10 M) 32.1 ± 4.4 (8) U.S. 
* 2+ 
No significant stimulation above background ATP hydrolysis in the absence of Ca 
Significantly different from contro) values ρ < 0.001. 
2+ Table III. Effects of calmidazolium on 200 uM Ca -Induced ATP- or ADP-hydrolysis. 
Enzyme activities are expressed as vmol P..h .mg protein and were assayed 
at 37°C. Membrane suspensions were pre-incubated as described in Table II. Back-
2+ 
ground ATP- and ADP-hydrolytic activities (zero Ca ) were not affected by cal­
midazolium (10~ M ) . Background activities were 38.5 ± 2.02 and 35.8 ± 1.92 μηοΐ 
P..h .protein for controls and calmidazolium incubated samples with ATP, 
- 1 - 1 
respectively; and 25.5 ± 2.56 and 25.33 ± 4.69 рпюі P..h .mg protein for con­
trols and calmidazolium incubated samples with ADP, respectively. Values are 
means ± S.E.M. ( n ^ ) . 
2+ 200 μΜ Ca -induced substrate hydrolysis 
(pmol P..h .mg protein ) 
1 
Substrate Controls Calmidazolium 
(ethanol 0.1% v/v) (10~6 M) 
ATP 4.06 ± 2.49 3.86 ± O.97 
ADP 4.22 ± 1.29 4.25 ± 0.49 
2+ The Ca -ATPase activity resulting after EGTA-treatment could be further speci­
fically inhibited by calmidazolium, without significantly affecting background 
2+ 
activities. Table III shows the effects of calmidazolium on 200 μΜ Ca -induced 
hydrolysis of ATP and ADP. Neither activity was significantly affected. These 
2+ 
observations suggest a specific inhibition of the high-affinity Ca -ATPase acti\ 
by calmidazolium, whereas low-affinity phosphatase activities were not affected. 
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2+ 
Effects of theophylline on background and Ca -stimulated ATP hydrolysis 
2+ 
As can be seen in Table IV, background ATPase activities at low free Mg con-
2+ 
centrations (3 mM ATP + 3 mM Mg ) are theophyl1ine-sensitive, maximum inhibition 
amounts to 17.7 ± 2.2% at 1.25 mM theophylline. This observation suggests the 
occurrence of a non-specific alkaline phosphatase activity (Fawaz t Tejirian, 
2+ 1972). In the presence of 2 mM free Mg background ATPase activities decreased 
and no theophylline inhibition occurred. When p-NPP was substituted for ATP no 
2+ 
significant effects of theophylline were observed either at 3 or 5 mM Mg 
Specific activities were low for p-NPP when conpared to ATP as substrate; specific 
2+ 
activities were significantly lower at 5 mM than at 3 mM Mg (Ρ < 0.05). 
2+ 2+ 
Further, theophylline did not inhibit either 1 μΜ Ca or 200 μΜ Ca -induced 
ATP-hydrolysis at 2 mM free Mg 2 + (Table V). 
Table IV. Effect of theophylline on background hydrolysis of ATP and p-NPP in 
plasma membranes of eel branchial epithelium. 
Enzyme activities are expressed as μπιοί P..h .mg protein and were assayed 
at 370C. Mean values ± S.E.M. are given with the number of experiments in paren­
theses. 
Substrate 
3 nM ATP + 3 mM Mg 2 + 
3 mM p-NPP + 3 mM Mg 2 + 
3 mM ATP + 5 mM Mg 2 + 
3 mM p-NPP + 5 mM Mg 2 + 
Controls 
Ь5.2 ± 3.5 (6) 
4.01 ± 1.17 (4) 
39.1 ±4.5 (6) 
2.53 ± 0.17 (3) 
1.25 mM 
theophyl1 ine 
37.2 ±4.1 (6) 
3.21 ± 0.79 (4) 
З9.9 ± 5.2 (6) 
2.48 ± 0.53 (3) 
Inhibition 
17.7 ± 2.2 
N.S. 
N.S. 
N.S. 
*P < 0.01 
2+ Table V. E f f e c t of t h e o p h y l l i n e on Ca -induced ATP-hydrolysis in plasma membranes 
of eel b r a n c h i a l e p i t h e l i u m . 
Enzyme a c t i v i t i e s are expressed as pmol P..h .mg p r o t e i n and were assayed 
at 370C in the presence or absence of 2.0 mM t h e o p h y l l i n e . Background ATPase a c t i ­
v i t i e s were not s i g n i f i c a n t l y a f f e c t e d by t h e o p h y l l i n e . Mean values ± S.E.M. are 
given w i t h the number of experiments in parentheses. 
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1 μΜ free Ca 2 + 200 vM free Ca 2 + 
Control 3.13 ± 0.72 (П) k.kO ± 0.47 (3) 
2.0 mM theophylline 3-18 ± 0.40 (14) 4.40 ± 0.53 (3) 
2+ 
Effects of temperature on Ca -induced ATP-hydrolysia 2+ 
Table VI gives the specific activities of 1 μΜ Ca -induced ATP-hydrolysis 
assayed at 250C and 37<>C. Assuming linearity of the temperature dependency of this 
activity in this temperature range, we calculated the activation energy from an 
Arrhenius plot. A value of 13.84 Kcal/mol was found. 
2+ 
Table VI. Effect of temperature on Ca -induced ATP-hydrolysis in plasma membranes 
of eel branchial epithelium. 
Enzyme activities are expressed as ymol P..h .mg protein and were assayed 
2+ ' 2+ 
In the presence of 1 μΜ Ca . Association constants of NTA and EGTA for Ca , used 
2+ 
to calcule 1 μΜ free Ca , are corrected for temperature according to Scharff 
(1979). Activation energy Is calculated from the slope of the In(actlvity) vs. 
Τ -curve. Mean values ± S.E.M. are given (n=6). 
2+ Temperature Ca -induced ATP-hydrolysis 
(ymol P..h .mg protein ) 
250C 1.81 ± 0.24 (6) 
370C 4.46 ± 0.61 (6) 
A c t i v a t i o n energy: 57.9 kJ.mol 
Comparison of ATPase activities in gill plasma membranes 
2+ In Table V I I h i g h - a f f i n i t y Ca -ATPase s p e c i f i c a c t i v i 
s p e c i f i c a c t i v i t i e s of Na /K -ATPase and (Ca ^ATP)phosphatase (P.-
2+ ' 
re lease in the presence of 2 mM Ca and 5 mM ATP; FI Ik et al., 198: 
f o r Na /К -ATPase were about 20 times higher than those f o r Ca -ATPase, whereas 
(Ca 2 + " 
f o l d . 
t i v i t i e s are compares w i t h 
as  
release in the presence of 2 mM Ca and 5 mM ATP; FI Ik et al., 1983). Values 
r Na /K -ATPase were about 20 times higher tha 
(Ca -v-ATP)phosphatase activities surpassed Ca -ATPase activities more than 30-
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Table VII. ATP-hydro ly t i c a c t i v i t i e s in plasma membranes of eel b ranch ia l ep i t he -
1 ¡urn. 
Enzyme a c t i v i t i e s are expressed as ymol P..h .mg p r o t e i n and were assayed 
a t 37°C. For Na /K -ATPase and Ca'vATP-phosphatase assay cond i t i ons is r e f e r r e d 
2+ to F l i k et al. (1983)and Fenwick(l978) r e s p e c t i v e l y . H i g h - a f f i n i t y Ca -ATPase 
2+ 2+ 
is assayed a t 1 μΜ f r e e Ca in the presence of 2 mM f r e e Mg . Mean values 
± S.E.M. are g iven (n=26). 
Specific activity 
(pmol P..h .mg protein ) 
Na+/K+-ATPase 71.3 ± 6 . 7 
Ca2+-ATPase З-И ± 0.35 
2+ 
Ca ^ATP-phosphatase 107.6 ± 5.1 
DISCUSSION 
The results presented in this paper show for the first time the presence of a 
2+ 
true high-affinity Ca -ATPase in the plasma membranes of the branchial epithelium 
2+ 
of bony fishes. Further, the characteristics of this Ca -ATPase resemble those 
2+ 
of the transport Ca -ATPase found in the intestine (Ghijsen et al., I98O), 
kidney (Van Os ε Ghijsen, I98I) and erythrocytes (Gietzen et al., I98I) of mammals 
and oviduct shell gland of birds (Coty Б McConkey, 1982). The following obser-
2+ 
valions lead us to consider the high-affinity Ca -ATPase activity described here 
2+ 
as the plasma membrane transport Ca -ATPase: 
2+ 
1) the high Ca -affinity (K
r
 : 0.22 μΜ) observed in the presence of excess free 
2+ 2+ 
Mg indicates that this activity can be specifically stimulated by Ca at 
intracellular concentrations; 
phosp 
ATP; 
91 
2) phatase activity with such high affinity for Ca preferentially hydrolyzes 
2+ 
3) the observed high-affinity Ca -ATPase activity was inhibited by calmodulin 
antagonists thus suggesting its calmodulin dependency; 
2+ 
Ό the high-affinity Ca -ATPase activity was not affected by theophylline or L-
2+ 
phenylalanine which are inhibitors of plasma membrane Ca -stimulated alkaline 
phosphatase activities (Ghijsen et al., 1980); 
5) the specific activity of the branchial high-affinity Ca -ATPase 
(V : 5.Ό ± Ο.63 μπιοί P..h .mg protein ) is consistent with those reported 
45 
2+ 
for transport Ca -ATPases of mammalian adipocyte plasma membranes (6.0 umol 
P..h .mg protein ; Pershadsingh et al., I98O) and for erythrocyte plasma mem­
branes (3.6 wmol P..h .mg protein ; Walsman et al., 1981); 
1
 2+ 
6) the c a l c u l a t e d a c t i v a t i o n energy f o r the b r a n c h i a l h i g h - a f f i n i t y Ca -ATPase 
(13.48 Kcal.mol ) i s c l o s e t o the values reported f o r mammalian e r y t h r o c y t e 
Ca2+-ATPase (14-19 Kcal . m o l " 1 ; Larsen et al., 1978); 
2+ 
7) the branchial high-affinity Ca -ATPase activity is indeed most likely to be 
located in the plasma membranes of the epithelium: it is closely associated 
with Na /K -ATPase activity, a basolateral plasma membrane marker (Mircheff ε 
Wright, 1976) and it is insensitive to oligomycin В and sodium azide, which 
are inhibitors of mitochondrial ATPases (Katz ε Doucet, I98O). 
2+ 
Previously we showed that the activity formerly described as Ca -ATPase acti­
vity in eel gills in fact represents a heterogeneous pool of phosphatases that 
2+ depend on Ca -activation for ATP-hydrolysîs (Flik et al., 1983). As was pointed 
out by Ghijsen et al. (I98O) for rat intestinal plasma membranes, a transport 
2+ Ca -ATPase enzymic activity should be defined as the ATPase activity that is 
2+ 
stimulated by free Ca at intracellular concentrations in the presence of a 
2+ 
surplus Mg . This can be established only under assay conditions with known free 
2+ 2+ 
Ca -levels such as in the presence of a Ca -buffer system similar to the one 
2+ 
used in this study. Previous studies on Ca -ATPase activity in fish gills have 
not satisfied these requirements (Flik et al., I983). 
2+ 
The Ca -induced ATP-hydrolysi s by branchial plasma membrane phosphatase acti-
vity could be separated into two distinct kinetic components, one with high 
2+ 
affinity and one with low affinity for Ca . For the high-affinity component 
(K- _ : 0.22 μΜ Ca ) ATP was preferred over ADP, the low-affinity component 
2+ (K. _ : 23О-5З5 yM Ca ) showed no preference. We consider only the first compo-
2+ 
nent as an ATPase involved in Ca -transport. Such an enzyme would have an intra-
2+ 
cellular Ca binding site similar to the comparable enzyme in mammalian intestine 
2+ 
and, therefore, a K. .-value in the range of intracellular Ca -concentrations. 
2+ 
In general, K- --values smaller than 1 μΜ Ca have now been accepted as an i трог-
2+ 
tant characteristic of enzymes such as Ca -ATPases, adenylate cyclase and cyclic-
AMP-phosphodiesterase, that are activated intracellularly (Cheung, I98O). The 
high-affinity component described here fulfils this criterion. It should be noted 
2+ 
that such a 1С .-value for Ca is determined by the stability constant of the 
2+ 2+ 
ligands in the Ca -buffer used to calculate the free Ca -concentrations (Reed ε 
Bygrave, 1975; Scharff, 1979). In our study a K. _„.-value of 10 and a 
_..„... „, ,Λ6·*0 C a - E G T A 
Ca-NTA 
Ί6 
These values were taken from the studies of Scharff, (1979) who reported closely 
2+ 
correlated values for observed and calculated Ca -concentrations. The presence 
2+ 
of two saturable components for Ca -stimulated ATPase activities in plasma mem­
branes has been reported too for e.g. pancreatic islet cells (Pershadsingh et al. , 
1980), rat enterocytes (Ghijsen 6 Van Os, 1979) and Ehrlich ascites tumor cells 
(Klaven et al., 1983) and seems of wider occurrence. 
In substrate specificity tests with p-NPP, AMP, ADP and ATP, only hydrolysis 
2+ 
of the latter two substrates was significantly stimulated by Ca . ATP and ADP 
apparently can serve as substrates for both kinetic components, al though the high-
2+ 
affinity component prefers ATP over ADP. Half maximal activation of Ca -induced 
ATP and ADP hydrolysis by the low-affinity component, however, was calculated to 
2+ 
occur at significantly different concentrations (535 and 230 μΜ Ca , respectively) 
The significant release of ADP that will result from the high background activity 
when ATP is used as a substrate (Flik et al., I983) may have led to competitive 
2+ inhibition of ATP-hydrolysis and therefore the K. .-value for Ca of ATP-hydro-
lysis may be overestimated. Nevertheless, even the low-affinity site 1С. .-value 
2+ for ADP-hydrolysis (230 yM Ca ) is too high by at least one order of magnitude 
2+ 
to characterize an enzyme functioning at intracellular Ca -concentrations. It is 
2+ 
unlikely then that this component represents the activity of a Ca -transporting 
enzyme. One striking observation during the substrate specificity tests was that 
our preparation does not increase the hydrolysis of p-NPP or AMP following addi-
2+ tion of Ca . In this respect it is quite distinct from the preparation of rat 
enterocyte basolateral plasma membranes used by Ghijsen et al. (I98O). These 
2+ 2+ 
authors differentiated between transport Ca -ATPase and Ca -stimulated non­
specific phosphatase activity in their preparation, inter al ¡a on the basis of 
2+ 
substrate specificity: the high-affinity Ca -ATPase activity proved to be ATP-
dependent, whereas their low-affinity phosphatase activity showed no distinct 
preference for either p-NPP, AMP, ADP or ATP. 
The specific inhibitory action of calmodulin antagonists on the high-affinity 
2+ 
Ca -ATPase activity suggested the presence of calmodulin in our membrane pre-
paration. Although we did not assay the calmodulin content of these membrane 
preparations, its presence was indicated by the following observations: 
1) Our membrane preparation still contained Ca , even though EDTA was used 
during some steps of the isolation procedure and it may thus be concluded 
that the endogenous calmodulins were not necessarily extracted from the mem-
branes. Indeed Lynch 6 Cheung (1979) have shown that the human erythrocyte 
2+ 2+ 
Ca -ATPase-calmodulin complex dissociates only after all Ca is extracted. 
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2) Very low 1С .-values for Ca , as four.d for our high-affinity Ca -ATPase 
activity (0.22 U M ) , have been shown to be indicative of the presence of cal-
2+ 
modulin in erythrocyte Ca -ATPase preparations (Schatzmann, 1982). 
2+ 
3) High-affinity Ca -ATPase activity in our preparation was decreased by 703; 
after EGTA-treatment of the membranes. 
4) In comparable studies using membranes of tilapia gills we showed the presence 
of calmodulin by means of radioimmunoassay or the cyclic nucleotide phospho­
diesterase assay (unpublished observations). 
The effects of the powerful and specific inhibitor (Larsen et al., 1978; 
2+ 
Van Belle, 1981) calmidazolium on the Ca -induced ATP-hydrolysis are consistent 
2+ 
with the assumption that only the 1 μΜ Ca -induced ATP-hydrolysis is caused by 
an intracellularly activated calmodulin-dependent enzyme: this high-affinity 
s η 
2+ 
2+ 
component was inhibited, whereas the 200 μΜ Ca -induced АГР-hydrolysis wa not 
affected. Yet, the observed effect of calmidazolium on the high-affinity Ca 
ATPase activity in EGTA-treated membranes points to the possibility that this 
inhibitor may also have had some additional non-specific effects at 10 M. 
We observed that calmidazolium in its capacity to inhibit the high-affinity 
2+ Ca -ATPase activity was at least 10 times more effective than the phenothiazins. 
Chlorpromazine and trifluoperazine, at a concentration of 10 M, both signifi-
2+ 
cantly inhibited the high-affinity Ca -ATPase activity, but only trifluoper­
azine markedly affected background activities. This action of trifluoperazine 
suggested some non-specific action. In a recent paper, Ho et al. (1983) showed 
that trifluoperazine at relatively high concentrations (viz. 10 M) shifted 
2+ 2+ 2+ 
the Ca -dependency of sarcoplasmic reticulum Ca -ATPase to higher Ca -con­
centrations. They further showed that trifluoperazine's inhibitory action 
results not from an interaction with the enzyme, but rather from an effect on 
the membrane constitution resulting in structural perturbations of the ATPase. 
Keeffe et al. (198O) reported for rat liver plasma membranes that chlorpromazine 
alters membrane fluidity and inhibits ATPase activities non-competitively over 
a 2-200 μΜ concentration range of the inhibitor. Calmidazolium on the other 
hand has been reported to surpass the phenothiazins in potency and to exert 
2+ its effects at low inhibitor concentrations, and independently of Ca , as a 
purely competitive calmodulin antagonist (Gietzen et al., I981). As 10 M 
2+ 
calmidazolium inhibited high-affinity but not low-affinity Ca -ATPase activity, 
we tentatively conclude that the latter activity represents calmodulin-indepen­
dent phosphatase activity. Thus, this characteristic further differentiates 
48 
2+ between phosphatase activity and high-affinity Ca -ATPase activity. 
2+ 
Ca -induced ATP-hydrolysis in rat enterocyte plasma membranes may partly re­
sult from alkaline phosphatase activity and this activity can be inhibited by L-
phenylalanine and theophylline (Ghijsen et al., 1980), well-known inhibitors of 
alkaline phosphatase activity (Fawaz ε Tejirian, 1972; Ghosh ε Fishman, 1966). 
We tested both inhibitors but under the present incubation conditions we observed 
2+ 
no effect on Ca -stimulated ATP-hydrolysis in gill plasma membranes. However, 
2+ 
when free Mg -levels were low we did observe theophylline inhibition of back­
ground ATPase activity, thus corroborating an earlier observation (Flik et aï., 
2+ 
І98З)· At 2 mM free Mg (estimated) background activities decreased about 15% 
and theophylline sensitivity was not found. Background hydrolysis of p-NPP was 
2+ 
very low and was not theophylline sensitive at either 3 or 5 mM Mg . The weak 
hydrolysis of p-NPP seemed to indicate that the non-specific phosphatase activity 
of eel gills is distinct from alkaline phosphatases found in teleost intestine 
(Flik et al., 1982) or mammalian liver and intestine (Jensen, 1979). To date we 
have not identified an effective inhibitor which can specifically block the 
2+ 
ATP-hydrolysis resulting from the Ca -stimulated low-affinity component. 
In mammals, enzymatic and ion transport studies showed that the transport 
Ca -ATPase and Na /К -ATPase occur in the same tissue plasma membranes (Mircheff 
et al., І98З; Ghijsen et al., 1982). Similarly, both enzymes were found together 
in the same membranes from eel gills. Transepithelial Na -transport in the gills 
is generally believed to be mediated by the chloride cells of the branchial 
epithelium (Maetz 6 Bornancin, 1975). Indeed Hootman 6 Philpott (1979) have pro­
vided ul tracytochemical evidence that the bulk of the fish gill Na /K -ATPase 
activity is located within the reticular system of the chloride cells. As in 
S Wl 
2+ 
2+ + + 
the present study high-affinity Ca -ATPase and Na /К -ATPase activities were 
found in close association in gill cell membranes we suggest that the Ca 
transport ATPase is also mainly located in the reticular system (an extension 
of the plasma membrane) of the chloride cells. In fresh water teleosts branchial 
2+ 2+ 
Ca uptake occurs against a transepithelial Ca -gradient. The branchial epi­
thelium is a typical tight epithelium and therefore it is likely that transport 
2+ 
of Ca in the gills follows a transcellular route through the chloride cells. 
2+ 
This transportwi 11 involve similar events as transcellular Ca -transport in e.g. 
mammalian enterocytes: 
2+ 
1) entry of Ca down its electrochemical gradient at the apical membrane, 
2+ 
2) passage through the cell, mediated by cytosolic Ca -binding protein, and 
2+ 2+ 
3) extrusion of Ca to the extracullular fluid by a transport Ca -ATPase located 
2+ in the so-called reticular system. The present observations suggest that Ca 
ьэ 
transport in the gills, at least to a large extent, is a function of the chloride 
cells of this epithelium. 
+ + 2+ 
The ratio of the specific activities of Na /K -ATPase and high-affinity Ca 
ATPase in our membrane preparation (71.3/3.^9=20.Ί) is very similar to values 
reported by De Jonge et al. (I98l) for such activities in rat enterocyte baso-
lateral plasma membranes (33·9/2.1=16.4). This similarity points to an analogous 
2+ + 
mechanism for the transcel 1ular transport of Ca - and Na ions in teleostean 
gills and mammalian intestinal epithelium. 
We are still left with the problem of explaining the function of the branchial 
2+ 
alkaline phosphatase (low-affinity "Ca -ATPase" of the fish literature). 
The activity of this enzyme appears to reflect the rate of transepithelial cal­
cium transport in eel gills (So 6 Fenwick, 1977). Alkaline phosphatase has been 
implicated in calcium transport in rat intestine (Halloran 6 DeLuca, 1981). 
Further time course studies of hormonal effects on this brsnchial enzyme are 
under way. 
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CHAPTER IV Comp. Biochem. Physiol.® 
(1984) In Press. 
Ca2+-DEPENDENT PHOSPHATASE AND Ca2+-DEPENDENT ATPase ACTIVITIES IN PLASMA MEMBRANES 
OF EEL GILL EPITHELIUM. I I I.STIMULATION OF BRANCHIAL HIGH-AFFINITY Ca2+-ATPase 
ACTIVITY DURING PROLACTIN INDUCED HYPERCALCEMIA IN AMERICAN EELS. 
ABSTRACT 
1. Infusions of ovine prolactin for 10 days induced hypercalcemia in unfed American 
eels, Anguilla rostrata LeSueur, that tentatively was related to stimulation of 
2+ branchial Ca -uptake mechanisms. 
2. Analysis of ATPase activities in the plasma membranes of the branchial epi­
thelium in prolactin treated eels showed a specific stimulation of high-affinity 
2+ 
Ca2+-ATPase 
3. The results of this study form further evidence that the high-affinity Ca 
2+ 
ATPase activity represents the Ca -pump of the branchial epithelium. 
INTRODUCTION 
Fish can regulate their serum calcium levels with great precision (Bailey Ь 
Fenwick, 1975; Copp 6 Ma, 1978) and this ability must be attributed, at least in 
part, to the capacity of their gills to absorb calcium directly from their aquatic 
environment (Berg, 1968; Simmons, 1971; Simkiss, 197Ί; So ε Fenwick, 1977; Payan 
et al., I98I). Unfortunately, there is a paucity of information concerning the 
mechanisms of this branchial calcium uptake. 
Recently we reported the simultaneous occurrence of non-specific phosphatase 
2+ 
activity and high-affinity Ca -ATPase activity in American eel gill plasma mem­
branes (Flik et al., 1983; Flik et al., 198Ό. Further, we equated the - hetero-
2+ 
geneous - non-specific phosphatase activity with Ca -activated ATPase activity 
which has been reported to be present in the gills of many teleostean species 
and which has been described as related to calcium transport (Ma et al., ІЭ?1»; 
Fenwick, 1976; Moon, 1978; Fenwick, 1979; Ho ε Chan, I98O; Doñeen, I98I). 
However, the characteristics of this activity more closely resemble those of an 
2+ 
alkaline phosphatase rather than a transport Ca -ATPase (Ghijsen et al., I980). 
2+ 
On the other hand, we identified the branchial high-affinity Ca -ATPase as a 
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2+ 
calmodul¡η-sensiti ve ATPase that was stimulated by intracellular Ca -concen-
2+ 
trations in the presence of excess Mg (Flik et al., 1984). These characteristics 
suggested that it was this latter activity which is associated with the branchial 
2+ Ca -pump in fish. 
The present study was directed towards testing the effect of ovine prolactin 
2+ 2+ 
on both the Ca -dependent phosphatase and the high-affinity Ca -ATPase in 
American eel gill plasma membranes to determine which, if either, of the activi­
ties respond to prolactin treatment. 
Prolactin is known to induce hypercalcemia in several species of fish (Pang 
et al., I978; Wendelaar Bonga Б Flik, 1982), including American eel (Ma ε Сорр, 
1978). It was further reported that ovine prolactin enhanced calcium influx in 
perfused American eel gills (Ma δ Сорр, 1981). The rationale behind our present 
study was that if prolactin stimulates gill calcium absorption it could stimu­
late enzymic activities associated with active calcium transport. 
MATERIALS AND METHODS 
Adult female yellow eels, Anguilla rostrata LeSueur, with an average body 
weight of 1.7 kg were obtained from a commercial dealer in Québec City, Québec, 
Canada. The eels were held in running dechlorinated Ottawa tapwater (0.45 mM 
2+ 
Ca , 12°C) with 16 h of light alternating with 8 h of darkness. The animals 
were not fed. 
Hormone treatment 
Ovine prolactin was kindly supplied by the Hormone Distribution Agency of 
the National Institutes of Health (Bethesda, Md.) and was administered conti-
nuously for ten days by means of Alzet osmotic min¡pumps implanted intra-
peritoneal ly. The dosage was 0.1 U.g fish .day , dissolved ¡n 0.05 N HCl. 
Controls received equivalent amounts of solvent. Ovine prolactin, at the doses 
used in this study, generally mimics homologous prolactin as far as Its effects 
2+ 
on osmoregulation and Ca -metabolism of fish (Wendelaar Bonga ε Van der Meij, 
1980). At the end of the experiments the infusion rates of the pumps were 
checked by measuring the pump contents (maximum infusion duration of the pumps 
approximated 19 days at 120C) and a maximum deviation of \Q% was accepted. The 
stability of the hormone preparation was checked electrophoretlcally by compa­
rison of freshly dissolved prolactin with prolactin recovered from the pumps 
at the end of the experiments. Silver stained electrophoretographs did not reveal 
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any differences. Control and prolactin treated animals were individually marked 
by fin clipping and were kept in the same tank during the experiment. 
At the end of the experimental period the eels were anesthetized in a Tris-
buffered (pH 7Λ) MS222 solution and the blood was collected into heparinized 
tuberculin syringes by direct cardiac puncture. After centrifugation of the 
blood, total plasma Ca was estimated with a commercial Ca kit (Sigma), Mg ana­
lyzed by atomic absorption spectrophotometry, and Na and К by flame emission 
spectrophotometry; inorganic phosphate was analyzed by a modification of the 
method of Fiske and Subbarow (Fenwick, 1976). 
Isolation of branchial plasma membranes and enzyme assays 
Plasma membranes were isolated and assayed for protein, succinic dehydrogenase, 
Na+/K+-ATPase, Ca^ATP-phosphatase and high-affinity Ca -ATPase activities as 
described previously (Flik et al., 1983; Flik et al., ^9S^^). Statistical analysis 
of the results was carried out applying Student's t-test (two-sided, o=5%). 
RESULTS 
Blood plasma analysis 
Prolactin treatment of eels increased plasma calcium levels significantly from 
2.84 ± 0.17 mM in controls to 3.Ί0 ± 0.20 mM (P < 0.01). No significant differen­
ces in plasma Na, К or P. levels were observed (Table I). 
Table I. Effects of ovine prolactin on blood plasma mineral composition. Plasma 
mineral content is expressed in mM. Mean values ± s.d. are given, with the number 
of animals in parentheses. 
Na 
К 
Mg 
Ca 
P. 
Controls (5) 
141.5 ± 14.1 
1.89 ± 0.06 
O.91 ± 0.05 
2.84 ± 0.17 
1.35 ± 0.13 
Experimentais (4) 
135.8 ± 6.9 
1.84 ± 0.19 
0.50 ± 0.12 
3.40 ± 0.20* 
1.12 ± 0.20 
: Ρ < 0.01 
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Enzyme analysis 
Prolactin treated eels showed a statistically significant increase in high-
2+ 2+ 
affinity Ca -ATPase specific activity (measured as the 1 yM Ca -induced Mg^ATP 
hydrolysis). Neither Na /K -ATPase nor Ca^ATP-phosphatase activities were affec­
ted by this treatment. Succinic dehydrogenase specific activities in whole 
tissue homogenstes and in the enriched plasma membrane fractions of control and 
prolactin treated fish did not differ significantly and were similar to values 
reported for untreated eels (Flik et al., 1983). The amounts of total protein 
extracted from the gills and recovered in the plasma membrane fraction were not 
significantly different for control and experimental fish. 
2+ Calculated total branchial high-affinity Ca -ATPase activities were 13.Ί Pmol 
P. per hour for controls and 21.0 ymol P. per hour for prolactin treated eels 
(57% stimulation). Total Na /K -ATPase activities were 157.2 and 170.8 ymol P. 
per hour for controls and expérimentais, respectively. Ratios for total Na /K+-
2+ 
ATPase to total high-affinity Ca -ATPase were 11.7 for controls and 8.1 for 
2+ 
prolactin treated eels, indicating a kkX stimulation of high-affinity Ca -ATPase 
activity relative to Na /K -ATPase activity in branchial plasma membranes after 
prolactin treatment (Table II). 
Table II. Effects of ten days infusion of ovine prolactin on plasma membrane 
ATPase and phosphatase activities in the gills. Specific activities are ex-
pressed as ymol P..h .mg protein . Mean values ± s.d. are given with the number 
of animals in parentheses. 
High-affinity Ca2+-ATPase 
Na+/K+-ATPase 
Ca^ATP-phosphatase 
Controls (4) 
2.56 ± 0.50 
75.7 ± 20.0 
81.2 ± 10.0 
Experimentais (4) 
k.3k ± 0.58 
7Ί.5 ± 15.1 
80.3 ± 7.4 
Statistical 
Sign if icance 
Ρ < 0.01 
N.S. 
N.S. 
DISCUSSION 
Prolactin and blood plasma mineral composition 
Ovine prolactin induced hypercalcemia in fresh water yellow eels and this 
result agrees with earlier findings from killifish (Pang et al., 1978), stickle­
backs (Wendelaar Bonga et al., 1978), the tilapia Sarotherodon mossambicus 
(Wendelaar Bonga & Flik, 1902; Wendelaar Bonga et al., 1983) and American eels 
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(Ma & Copp, 1981). In addition, prolactin induced hypomagnesemia, a phenomenon 
also reported earlier for tilapia (Wendelaar Bonga et al., 1983). In mammals 
such a hypomagnesemia is considered to be a direct effect of the concomittant 
hypercalcemia (Ebel 6 Guenther, I98O). Prolactin did not affect plasma Na, К 
or P. levels, which indicates the specific nature of the hypercalcémie action 
of prolactin under these conditions. The absence of a concommittant hyperphos-
phatemia further suggested that the prolactin induced hypercalcemia did not 
2+ 
result from mobilization of Ca from bone minerals (apatites). Ma ε Copp (1981) 
have shown for American eels, the species used in this study, that this effect 
2+ 
can be ascribed to stimulation by prolactin of Ca -uptake in the gills. 
Prolaotin and branchial ATPase activities 
2+ 
Prolactin enhanced high-affinity Ca -ATPase activities in the plasma mem­
branes of eel branchial epithelium, which suggests that prolactin may influence 
2+ 
Ca-metabolism by a c t i v a t i n g a Ca -pump in the g i l l s . P r o l a c t i n d i d not s t i m u ­
l a t e the n o n - s p e c i f i c Ca'WVTP-phosphatase a c t i v i t y . We take these o b s e r v a t i o n s 
2+ 
as further evidence that it is the high-affinity Ca -ATPase and not the non-
2+ 
specific phosphatase which functions as a Ca -transporting enzyme. The recovery 
of branchial total Na /K -ATPase, total Ca'v-ATP-phosphatase and total protein 
was similar in prolactin treated and control eels. The absence of an effect on 
either the Ca'WVTP-phosphatase or the Na /K -ATPase activities indicates that 
the action of prolactin on the gills was not of a general trophic character. 
This is also supported by the fact that the ratios of total Na /K -ATPase to 
2+ total high-affinity Ca -ATPase differed between prolactin treated and control 
eels. The decrease of the ratio from 11.7 in the controls to 8.1 in prolactin 
2+ 
treated eels suggested a specific induction of high-affinity Ca -ATPase in 
branchial plasma membranes. 
Interestingly, our results show some close similarities with data published 
by Ghijsen ε Van Os (1982) on rat intestine. These authors reported that 
2+ 
1a,25(OH)2-vitamin D, specifically stimulated a transport Ca -ATPase, that 
2+ + + 
resembles the eel branchial Ca -ATPase closely, but not Na /K -ATPase to 
2+ 
transport Ca -ATPase activities amounted to 11.6 in the controls and 7.1 in 
1a,25(OH)- vitamin D.-repleted animals. Using rachitic rats, Pahuja ε DeLuca 
(I98I) showed that also prolactin directly influences intestinal Ca absorption 
in a way comparable to 1o,25(0H) 2 vitamin D,; these authors concluded that the 
action of prolactin was independent of the vitamin D endocrine system. 
In conclusion, it is our opinion that prolactin is involved not only in the con-
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t r o l of b r a n c h i a l p e r m e a b i l i t y f o r water and monovalent Ions (Wendelaar Bonga & 
Van der M e i j , I 9 8 I ; Wendelaar Bonga et al., 1983), but a l s o in the r e g u l a t i o n of 
2+ the b r a n c h i a l Ca -pump. This c o n t e n t i o n c o n t r i b u t e s new t o the d iscuss ion on the 
r o l e of p r o l a c t i n in hydromineral balance of f reshwater t e l e o s t s . 
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CHAPTER V 
STUDIES ON THE BRANCHIAL EPITHELIUM OF THE TILAPIA OREOCHROMIS MOSSAMBICUS, 
l/IDENCE FOR ACTIVE С 
IN PLASMA MEMBRANES 
ADAPTED TO FRESH WATER: EVIDEN Ca2+-TRANSPORT MECHANISMS 
ABSTRACT 
2+ 
1. A h i g h - a f f i n i t y Ca -ATPase a c t i v i t y was demonstrated among the phosphatase 
a c t i v i t i e s in plasma membranes of t i l a p i a b r a n c h i a l e p i t h e l i u m ; i t s c h a r a c t e r ­
i s t i c s (Kn c - 0.063 μΜ C a 2 + , V = 6.02 pmolP./h.mg p r o t e i n a t 370C) 
u . i max 1 
resemble those of Ca - t r a n s l o c a t i n g enzymes present in mammalian e r y t h r o c y t e s 
or e n t e r o c y t e s . 
2. The r a t i o of t h i s Ca +-ATPase a c t i v i t y t o Na /K+-ATPase a c t i v i t y was 1:20.4, 
a p r o p o r t i o n i d e n t i c a l t o the one r e p o r t e d f o r these enzyme a c t i v i t i e s in 
eel g i l l plasma membranes. 
2+ 
3. Radiolmmunoassayable calmodul in was demonstrated in the Ca -ATPase c o n t a i n i n g 
memb rane f гас t i o n . 
2+ 
4 . ATP-dependent Ca - t r a n s p o r t was demonstrated in t i g h t - v e s i c l e p r e p a r a t i o n s 
of the b r a n c h i a l c e l l membranes; the p r e p a r a t i o n c o n s i s t e d of 30% i n s i d e - o u t 
and ЦЦ% r i g h t - s i d e - o u t v e s i c l e s , and inc luded 26% leaky v e s i c l e s ; the 
2+ 
c h a r a c t e r i s t i c s of the a c t i v e Ca - t r a n s p o r t a c t i v i t y are c o n s i s t e n t w i t h a 
2+ 2+ 
Ca - e x t r u s i o n mechanism i n v o l v i n g h i g h - a f f i n i t y Ca -ATPase a c t i v i t y . 
2+ 
5. The branchial Ca -transport activity per fish, as calculated on the basis of 
the transport activity determined for the vesicle preparation, is in the 
2+ 
order of the branchial Ca -influx rates observed in vivo. 
2+ 
6. The data provide the first biochemical evidence for active Ca -transport in plasma membranes of branchial epithelium. 
A model is présentée 
port in fish gills. 
2+ 7. e ed for the mechanism of active transepithelial Ca -trans-
INTR0DUCTI0N 
In previous reports (Flik et al., 1983, ISÖ'ta and 1984b) evidence was given 
2+ for the presence of high-affinity Ca -ATPase activity in plasma membranes of 
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b r a n c h i a l e p i t h e l i u m o f f r e s h water American e e l s . C h a r a c t e r i s t i c s of the enzyme 
2+ 2+ 2+ 
a c t i v i t y a r e : an a f f i n i t y f o r Ca (0.22 μΜ Ca ) in the i n t r a c e l l u l a r Ca -
c o n c e n t r a t i o n range, ATP-preference, and calmodul in-dependency. These c h a r a c t e r -
2+ 2+ 
i s t i c s are shared w i t h e s t a b l i s h e d mammalian Ca -ATPases involved in Ca 2+ t r a n s p o r t . I n d u c t i o n of h i g h - a f f i n i t y Ca -ATPase in eel g i l l plasma membranes 
was observed a f t e r t reatment of e e l s w i t h the hypercalcémie hormone p r o l a c t i n , 
2+ 
which f u r t h e r i nd ica ted an involvement of t h i s enzyme in a c t i v e uptake of Ca 2+ from the water . To our knowledge, these are the only repor ts on a Ca -ATPase 
a c t i v i t y in f i s h t ha t f u l f i l s c r i t e r i a f o r an enzyme to be d i r e c t l y involved 
2+ in t r a n s - c e l l u l a r Ca - t r a n s p o r t . 
The present s tud ies were undertaken t o analyze plasma membranes of the g i l l s 
2+ 
of the t e l e o s t f i s h t i l a p i a (Oreoohromis mossambiaus) f o r h i g h - a f f i n i t y Ca -
2+ ATPase a c t i v i t y and t o assess whether Ca - t r a n s p o r t i n g a c t i v i t y is present in 
2+ plasma membranes, t ha t may be connected w i t h t h i s enzyme a c t i v i t y . Ca - induced 
Mg'WVTP-hydrolysis was s tud ied in Na /K -ATPase-enriched membrane f r a c t i o n s 
2+ i so la ted from b ranch ia l e p i t h e l i u m . ATP-dependent Ca - t r a n s p o r t a c t i v i t y was 
determined in t i g h t - v e s i c l e p repara t ions of these membranes. As a f i r s t step 
2+ to v e r i f y whether these Ca -dependent processes are calmodul in-dependent , as 
2+ 
we have shown before f o r the h i g h - a f f i n i t y Ca -ATPase a c t i v i t y in eel g i l l s 
( Π ik et al., І Э в ^ а ) , the presence and c o n c e n t r a t i o n of ca lmodul in in the g i l l 
membrane f r a c t i o n w e r e i n v e s t i g a t e d . Membrane o r i e n t a t i o n in reseated v e s i c l e s 
was determined on the basis of the sidedness of a c e t y l c h o l i n e esterase and 
2+ glyceraldehyde-3-phosphate dehydrogenase. The t o t a l b r a n c h i a l Ca - t r a n s p o r t 
2+ 
c a p a c i t y гп vitro was c a l c u l a t e d and compared t o b r a n c h i a l Ca - i n f l u x r a t e s 
as determined in vivo. 
MATERIALS AND METHODS 
Male t i l a p i a , Oreoohromis mossambiaus, were used in a l l exper iments. Body 
weights ranged from 10-30 g . Fresh water specimens were o b t a i n e d from l a b o r a t o r y 
s t o c k , kept a t 28°C under c o n d i t i o n s as descr ibed p r e v i o u s l y (Uendelaar Bonga ε 
2+ Van der M e i j , I98O). The Ca - c o n c e n t r a t i o n of the water was 0.8 mM. 
Reagent grade chemicals were purchased from Sigma. U l t r a p u r e water was used 
2+ 2+ 
in enzyme assays and Ca - t r a n s p o r t s t u d i e s t h a t involved the use of Ca - b u f f e r s . 
6¿t 
Isolation of plasma membranes 
To collect branchial epithelium, animals were killed by transection of the 
spinal cord, the branchial apparatus was removed and the epithelium scraped off 
onto an ice-cold glass plate. Scrapings were collected in an isotonic buffer 
containing (mM): sorbitol (250), NaCl (12.5), imidazol/histidine (5.0,pH7.5), 
PMSF (0.2), dithiothreitol (0.1), aprotinin (100 U/ml ) and EDTA (0.1). Using 
this buffer and a loosely-fitting dounce homogenizer allows disruption of the 
branchial epithelium but leaves erythrocytes intact. The latter were separated 
from the branchial epithelial membrane fragments by a 550 g. 10 min centrifuge 
run. Light-microscopic examination of the pellet obtained after this centrifu-
gation step revealed a homogeneous population of intact red blood cells and 
nuclei. Membranes of the disrupted epithelium were collected by centrifugal ion 
of the supernatant (designated H 0) remaining after separation of the erythrocytes, 
yielding a pellet (P.) and a supernatant which was designated as the cytosolic 
fraction (SQ). P- was further purified by differential centrifugation as des­
cribed for eel gill epithelial membranes (Flik et al., 1983), yielding a plasma 
membrane fraction called P, (Method I), or by isopycnic centrifugation on a dis­
continuous sorbitol gradient, yielding a plasma membrane fraction called Ρ ' 
(Method II). For gradient centrifugation P- was resuspended (100 strokes) with 
a douncer in 21% sorbitol in homogen i zati on buffer; a 3-ml aliquot of this sus­
pension was layered on two blocks of 't.5 nil of k3% and 36% sorbitol and run for 
200 Kg. 180 min at A0C (Beekman L8-80, SVAO ti). The band appearing at the 
43V36% sorbitol interface was collected, pelleted after dilution with sorbitol 
free buffer by ultra-centrifugation (300 Kg. 30 min; SW50 t¡) and appeared to 
consist of membranes highly enriched in Na /K -ATPase. Plasma membranes were 
resuspended in the basic assay buffer, divided in portions as required for the 
assays, frozen in liquid nitrogen and stored at -80oC for a maximum of 1 week. 
For the preparation of sealed plasma membrane vesicles, EDTA was omitted after 
2+ 
the initial homogen i zati on step. Membranes to be used for Ca -transport studies 
were resealed In a buffer containing (mM) : KCl (150), MgCl- (5) and Hepes/Trls 
(30, pH 7.M, according to the method of Ghijsen et al. (1982). Membranes for 
2+ 
orientation and Ca -transport studies were used immediately after isolation 
without being frozen. 
Assays and assay media 
Protein, Na+/K+-ATP 
ATPase activities were determined as described in detail elsewhere (Flik et al., 
+  2+ 
Protein, Na /К -ATPase, succinic acid dehydrogenase (SDH) and Ca -stimulated 
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125 1983, 1984a). Calmodulin was determined us ing a commercial l-radioimmunoassay 
k i t (New England Nuclear, NEK-18) w i t h a h i g h l y s p e c i f i c ant ibody r a i s e d in 
sheep a g a i n s t n o n - d e r i v a t i zed r a t t e s t i s c a l m o d u l i n . Membrane f r a c t i o n s (HL, Ρ ') 
were assayed w i t h o u t f u r t h e r p u r i f i c a t i o n . The c y t o s o l i c f r a c t i o n ( S . , the 
supernatant o b t a i n e d by u l t r a c e n t r i fugat ¡on of d i s rup ted branch ia l ep i the l ium) 
was p a r t l y p u r i f i e d as suggested by Teo et at. (1973) and as descr ibed in d e t a i l 
f o r the p u r i f i c a t i o n of ca lmodul in from f i s h mucus ( F l i k et al., І Э в ^ с ) . 
Membrane i m p e r m e a b i l i t y of resealed plasma membrane v e s i c l e s was t e s t e d by the 
e x c l u s i o n o f s u b s t r a t e t o membrane-bound enzymes w i t h e s t a b l i s h e d sidedness. 
A c e t y l c h o l i n e esterase (exoenzyme) and glyceraldehyde-3"phosphate dehydrogenase 
(GPDH, endoenzyme) a c t i v i t i e s were determined in resealed v e s i c l e p r e p a r a t i o n s 
t r e a t e d w i t h v a r y i n g c o n c e n t r a t i o n s of detergent (0-0.2% v/v T r i t o n X-100) , as 
suggested f o r e r y t h r o c y t e membranes by Steck 6 Kant (197'»). No m o d i f i c a t i o n s were 
in t roduced in these assays. I n i t i a l enzyme v e l o c i t i e s (upon a d d i t i o n of s u b s t r a t e ) 
in the presence of opt imal detergent c o n c e n t r a t i o n s were equated w i t h 100% 
a c c e s s i b i l i t y . Enzyme a c t i v i t i e s in the absence of detergent were expressed as 
percentages of the maximum a c t i v i t i e s observed. From the a c c e s s i b i l i t y percen­
tages f o r the two enzymes we c a l c u l a t e d the percentages i n s i d e - o u t (10V), r i g h t -
s i d e - o u t (ROV) and leaky v e s i c l e s of a membrane p r e p a r a t i o n . 
2+ Ca - t r a n s p o r t a c t i v i t y in g i l l plasma membranes was determined as ATP-depen-
45 
dent Ca-accumulation over a 2-5 min p e r i o d a t 370C in resealed v e s i c l e s , 
a c c o r d i n g t o the method o f Ghijsen et al. (1982). The amount of p r o t e i n per 
f i l t e r was Ί.h yg ВSA e q u i v a l e n t s . 
Statistias and calculations 
Values are expressed as means ± standard d e v i a t i o n s . S t a t i s t i c a l a n a l y s i s of 
d i f f e r e n c e s between mean values was c a r r i e d out a p p l y i n g Students t - t e s t f o r 
unpaired o b s e r v a t i o n s (a=5%)· S i g n i f i c a n c e was accepted a t the 2% l e v e l . 
2+ 2+ 
Determinat ion of Kn ^ f o r Ca and V -values f rom Eadie-Hofstee p l o t s of Ca 
s t i m u l a t e d ATPase and t r a n s p o r t a c t i v i t i e s in plasma membranes was performed 
a c c o r d i n g t o Borst Pauwels (1973)· Linear regress ion a n a l y s i s was based on the 
least-squares method. 
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RESULTS 
Plasmi membrane isolation 
In Table I the percentages recovery of p r o t e i n , Na /K -ATPase and SDH a c t i v i ­
t i e s are presented f o r the i s o l a t i o n of plasma membrane e n r i c h e d f r a c t i o n s (P, 
and P , ' ) . The P - - f r a c t i o n c o n t a i n e d 2.82? of the i n i t i a l p r o t e i n , k.52% of the 
i n i t i a l Na /K -ATPase (used as plasma membrane m a r k e r ) . In those cases where 
P, ' - f r a c t i o n s were p r e p a r e d , 0.36% of the i n i t i a l membrane p r o t e i n , 4.38% of the 
+ + 
i n i t i a l Na /K -ATPase and less than 1% of the i n i t i a l SDH a c t i v i t i e s were r e ­
covered. During these procedures the Na /K -ATPase s p e c i f i c a c t i v i t i e s f o r the 
P,- and the P , ' - f r a c t i o n s increased approximately 3-5 and 12 t i m e s , r e s p e c t i v e l y . 
Table I . Percentage r e c o v e r i e s and s p e c i f i c a c t i v i t i e s of marker enzymes in 
t i l a p i a g i l l plasma membranes. 
Recoveries were expressed as percentages of the t o t a l enzyme a c t i v i t i e s in the 
i n i t i a l homogenate ( H . ) . Na /K -ATPase s p e c i f i c a c t i v i t i e s were expressed in ymol 
P./h.mg p r o t e i n a t 37°C. Mean values ± S.E. are g i v e n ; n=5· 
Η Ρ Ρ ' 
M 0 r 3 3 
% Recovery V % Recovery V % Recovery V 
' spec spec ' spec 
P r o t e i n 100 - 2.82 ± 0 . 3 4 - 0 . 3 6 + 0 . 1 4 -
Na+/K+-ATPase 100 8.1 ± 2 . 9 4.52 ± 0 . 9 1 30.9 ± 1 . 9 4.38 ± 1 . 7 7 123.3 ± 3 3 . 
SDH 100 - 1.21 ± 0 . 2 4 - <1 -
2+ 
To exclude mitochondrial ATPase activity in assays for plasma membrane Ca 
stimulated ATPase activities we routinely added oligomycin В (5 ug/ml) and 
sodium azi de (5 mM) to the pertinent assay media. 
In Table II Na /K -ATPase specific activities are given for P,-fractions 
+ + isolated in the presence or absence of EDTA. Na /K -ATPase specific activities 
for P.-f ract ions isolated in the presence of EDTA amounted to 30.9 ± 1·9 μπιοί 
+ + 
P./h.mg protein at 37°C and were not affected by detergent treatment. Na /K -
ATPase activities in membranes isolated in the absence of EDTA increased by a 
factor of 2.2 when pretreated with 0.1% v/v Triton X-100 for 1 min at 37 0C, 
and reached levels similar to those observed in membranes isolated in the pre­
sence of EDTA. The activation of the extrinsic Na /K -ATPase indicates that 
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i s o l a t i n g membranes ¡η the absence of EDTA y i e l d s a p r e p a r a t i o n t h a t at l e a s t 
p a r t i a l l y c o n s i s t s of resealed v e s i c l e s . Such resealed plasma membrane v e s i c l e 
p r e p a r a t i o n s showed 56? a c e t y l c h o l i n e esterase a c c e s s i b i l i t y and 70% GPDH 
a c c e s s i b i l i t y , which i n d i c a t e s t h a t the p r e p a r a t i o n c o n s i s t s of Z(>% leaky, 30% 
i n s i d e - o u t , and kk% r i g h t - s i d e - o u t v e s i c l e s . Consistent w i t h these r e s u l t s was 
the o b s e r v a t i o n by t ransmiss ion e l e c t r o n microscopy of a homogeneous p o p u l a t i o n 
of c i r c u l a r b i l a y e r membranes w i t h only a low incidence of membrane fragments 
( r e s u l t s not shown). 
Table I I . V e s i c l e t i g h t n e s s and membrane o r i e n t a t i o n . 
P , - f r a c t i o n s i s o l a t e d in the presence or absence of EDTA were analyzed f o r 
+ + Na /K -ATPase, a c e t y l c h o l i n e esterase and GPDH a c t i v i t y a f t e r treatment w i t h 
b u f f e r e d T r i t o n X-100 (0.1 - 0.2% v/v) or b u f f e r only ( c o n t r o l s ) . Enzyme a c t i ­
v i t i e s determined in the presence of opt imal c o n c e n t r a t i o n s of the detergent 
were designated 100%. Values f o r Na /K -ATPase s p e c i f i c a c t i v i t i e s (expressed 
in pmol P./h.mg p r o t e i n , determined at 37CC) are given in parentheses. Mean 
values ± S.E. are g i v e n ; π = number of d e t e r m i n a t i o n s . 
I s o l a t e d + EDTA I s o l a t e d - EDTA 
η T r i t o n X-100 Contro ls T r i t o n X-100 Contro ls 
Na+/K+-ATPase 5 100 (31.2+2.4) 99 (30.9±1.9) 100 (27.9±5.7) ^5 (12.5±3.6) 
A c e t y l c h o l ine 
esterase 8 - - 100 70±l4 
GPDH 8 - - 100 56±11 
2 + Ca -stimulated ATPase activity 
2+ In F i g . 1 , Ca - s t i m u l a t e d ATPase a c t i v i t i e s determined in P , ' - f r a c t i o n s are 
2+ 
shown. Ca -induced Mg^ATP-hydrolysis represented by an Eadie-Hofstee p l o t r e ­
vealed a h i g h - a f f i n i t y and a l o w - a f f i n i t y ATPase a c t i v i t y . Kg ,.- and V -values 
f o r the h i g h - a f f i n i t y component were c a l c u l a t e d t o 0.06 μΜ Ca2+ and k.S% s t i m u -
2+ l a t i o n of the Mg'WVTP-hydrolysi s observed in the absence of Ca ; f o r the low-
2+ 
a f f i n i t y component these values were Ι Ί μΜ Ca and 10.7% s t i m u l a t i o n , respec­
t i v e l y . The k i n e t i c parameters f o r the h i g h - a f f i n i t y component resemble c l o s e l y 
2+ those r e p o r t e d e a r l i e r f o r the h i g h - a f f i n i t y Ca -ATPase of eel g i l l e p i t h e l i u m 
2+ ( F l i k et al., І Э в ^ а ) . The V f o r the t i l a p i a h i g h - a f f i n i t y Ca -ATPase in 
' max 3 ' 
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Ρ , ' - f T a c t i o n s amounted t o 6.02 ymol P./h.mg p r o t e i n a t 37°C. The r a t i o of the 
Na+/K+-ATPase and the h i g h - a f f i n i t y Ca -ATPase in these membranes was 20.k t o 1, 
a value i d e n t i c a l t o the one r e p o r t e d f o r eel g i l l plasma membranes. 
2+ 
Figure 1. Eadie-Hofstee p l o t of Ca s t i m u l a t e d Mg^ATP h y d r o l y s i s by plasma mem­
branes of t i l a p i a b r a n c h i a l e p i t h e l i u m . Enzymic a c t i v i t i e s (V) were expressed as 
2+ percentage s t i m u l a t i o n above background h y d r o l y t i c a c t i v i t y . Ca - c o n c e n t r a t i o n s 
(S) are expressed in μΜ. 
V(%stimulation) 
30 to 
V/S 
Table III. Calmodulin in tilapia branchial epithelium. 
Calmodulin concentrations were determined by radioimmunoassay. HL refers to 
homogenate of branchial epithelium; SQ refers to the supernatant obtained after 
ultracentrifugation of H
n
, and represents the cytosol of the branchial epithelium. 
S. was partly purified, as described in "Materials and Methods". P.' is the mem­
brane fraction obtained after gradient-centrifugation; n=2. 
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Fractions Calmodulin (mg/g protein) 
1.65 ± 0.05 
1.98 ± 0.12* 
0.29 ± 0.03 p a r t l y p u r i f i e d 
Presence of calmodulin 
In our r e p o r t s on eel g i l l plasma membranes we concluded t h a t the h i g h - a f f i n i t y 
2+ Ca -ATPase in these membranes i s calmodulin-dependent and t h a t the membrane 
f r a c t i o n s used c o n t a i n e d s i g n i f i c a n t amounts of c a l m o d u l i n , even when low concen­
t r a t i o n s of EDTA (0.1 mM) were used throughout the i s o l a t i o n procedure ( F l i k et al., 
1984a). In the present study radioimmunoassayable ca lmodul in was found t o be 
2+ present not only in the c y t o s o l f r a c t i o n but a l s o in the Ca -ATPase c o n t a i n i n g 
plasma membranes, which were i s o l a t e d in the presence of EPTA (Table I I I ) . 
2+ 2+ 
Figure 2. Eadie-Hofstee p l o t of Ca - s t i m u l a t e d , ATP-dependent Ca - t r a n s p o r t in 
2+ t i g h t plasma membrane v e s i c l e s . Ca - t r a n s p o r t a c t i v i t y (V) was determined in 
2+ 2-5 min i n c u b a t i o n s a t 37°C. Ca - c o n c e n t r a t i o n s were b u f f e r e d and ranged from 
2+ 0-5 viM (S) . Ca - t r a n s p o r t was expressed in nmol/min.mg p r o t e i n ; r e s u l t s were 
not c o r r e c t e d f o r % lOV. 
min.mg p r o t e i n . 
2+ 
К. _- and V -values were 0.13 wM Ca and 0.7 nmol/ 0.5 max 
V(nmol min ' mg prot "') 
1.0 
0.5 
M/S 
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2+ Ca -transport 
2+ ATP-dependent Ca - t r a n s p o r t in resealed plasma membrane v e s i c l e s of t i l a p i a 
2+ g i l l e p i t h e l i u m was assayed in the presence of up t o 5 μΜ Ca . An Eadie-Hofstee 
2+ p l o t of the r e s u l t s revealed the ex is tence of one a f f i n i t y s i t e f o r Ca ( F i g . 2) 
2+ 2+ The c a l c u l a t e d Kn _ f o r Ca was 0.13 vM and a V of 0.7 nmol Ca /min.mg p r o -U. ρ max 
t e i n was f o u n d . This V is not c o r r e c t e d f o r % 10V. 
max 
Figure 3. Ful 1 - l o g a r i t h m i c p l o t of the r e l a t i o n s h i p between t o t a l g i l l Na /K -
ATPase and body weight (W) of f reshwater t i l a p i a . T o t a l Na /K -ATPase was c a l ­
c u l a t e d as the product of Na /K -ATPase s p e c i f i c a c t i v i t y and t o t a l p r o t e i n in hL. 
Results were s a t i s f a c t o r i l y f i t t e d by l i n e a r r e g r e s s i o n a n a l y s i s y i e l d i n g the 
r e l a t i o n s h i p : t o t a l g i l l Na+/K+-ATPase = ί » . ; ^ 1 · 0 3 5 μιηοΐ P./h at 3 7 ^ . 
Q!-
mm 
Q. 
• ' 
'io 
Ζ 
η 
о 
10 
10 100 
W/g 
In fresh water tilapia, total gill Na /K -ATPase activity, calculated as the 
product of Na /K -ATPase specific activity and total protein, is directly related 
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t o body weight (W) a c c o r d i n g t o : t o t a l Na+/K+-ATPase = k.7^'0^5 pmol P./h ( η = Ί ΐ ; 
W: 7-3О g , r = Ο.792, Ρ < 0 . 0 0 1 ; F i g . 3 ) . This r e l a t i o n s h i p i n d i c a t e s t h a t the 
amount of plasma membranes as w e l l as the Na /K -ATPase-dependent Na - t r a n s p o r t 
c a p a c i t y of the g i l l s is d i r e c t l y r e l a t e d t o body w e i g h t . For a 20-g t i l a p i a , 
t o t a l g i l l Na /K -ATPase is 105.3 pmol P./h. From an average s p e c i f i c a c t i v i t y 
of 8.1 ymol P./h.mg p r o t e i n in HQ and 2.82? recovery f o r p r o t e i n in P, i t f o l l o w s 
t h a t P, c o n t a i n s О.367 mg p r o t e i n . At a maximum Ca" - t r a n s p o r t r a t e of 60 χ 0.7 = 
2+ 2+ 
42 nmol Ca /h.mg p r o t e i n , 30? lOV and 0.367 mg p r o t e i n in P,, the Ca - t r a n s p o r ­
t i n g c a p a c i t y of t h i s P, f r a c t i o n is 5 1 . ^ nmol/h a t 37 0 C. Assuming an a c t i v a t i o n 
2+ 
energy of 57-9 kJ/mol as r e p o r t e d f o r the eel g i l l Ca -ATPase ( F l i k et al., 2+ 1984a) the Ca - t r a n s p o r t i n g c a p a c i t y of the P - - f r a c t i o n comes t o 26.2 nmol/h a t 
28 0 C, the temperature a t which the t i l a p i a were k e p t . F u r t h e r , c o n s i d e r i n g a 
+ + 2+ 
4.5? recovery of Na /K -ATPase in P., the t o t a l b r a n c h i a l Ca - t r a n s p o r t i n g 
+ + 
c a p a c i t y comes t o 580 nmol/h a t 28°C. Proceeding from a 2 0 . 4 : 1 r a t i o f o r Na /K -
ATPase ( S a r k a d i , I98O), a t o t a l Na /K -ATPase a c t i v i t y of 105.3 pmol P./h f o r a 
2+ ' 
20-g f i s h and a p p l y i n g c o r r e c t i o n f o r temperature, a t o t a l Ca - t r a n s p o r t i n g 
c a p a c i t y of 2633 nmol/h a t 28"C is c a l c u l a t e d . 
DISCUSSION 
We p r e v i o u s l y r e p o r t e d the e x i s t e n c e of a h i g h - a f f i n i t y , calmodulin-dependent 
2+ Ca -ATPase a c t i v i t y in plasma membranes of eel g i l l e p i t h e l i u m ( F l i k et al., 
1984a). The present r e s u l t s demonstrate a s i m i l a r enzyme a c t i v i t y in the g i l l s 
of t i l a p i a . Moreover, the present data prov ide evidence f o r a c o r r e l a t i o n be­
li 
2+ 
2+ 2+ 
tween t h i s enzyme a c t i v i t y and ATP-dependent Ca - t r a n s p o r t . The Ca - t r a n s p o r t 
2 
process is homogenous and half-maximum a c t i v a t i o n occurred a t i n t r a c e l l u l a r Ca 2+ 
c o n c e n t r a t i o n s . The data p r o v i d e the f i r s t biochemical support f o r a c t i v e Ca 
t r a n s p o r t in plasma membranes of t e l e o s t b r a n c h i a l e p i t h e l i u m . The magnitude of 
2+ the c a l c u l a t e d in vitro Ca - t r a n s p o r t c a p a c i t y o f the g i l l s i s c o n s i s t e n t w i t h 
2+ 
an involvement of t h i s mechanism in the uptake of Ca f rom the water by the 
i n t a c t f i s h . 
Membrane isolation and orientation 
2+ To determine high-affinity Ca -ATPase activity in isolated plasma membranes 
by means of colorimetrie methods, the availability of highly-purified plasma mem-
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brane f r a c t i o n s is a p r e r e q u i s i t e , f o r the maximum a c t i v i t y of t h i s enzyme is low 
(approximately 5% of the Na /K -ATPase a c t i v i t y ) and t h i s a c t i v i t y has t o be d i s ­
sociated from background ATP-hydrolysi s by membrane-bound, n o n - s p e c i f i c phospha­
tases ( F l i k et al., ІЭ ^ а ) . The two i s o l a t i o n procedures a p p l i e d f o r t i l a p i a g i l l 
plasma membranes, method I and I I , y i e l d e d f r a c t i o n s w i t h Na /K -ATPase a c t i v i t i e s 
that were 20% (V = 30.9 pmol P./h.mg p r o t e i n ) and 50% (V = 123.3 wnol 
spec ι ^ r spec 
P./h.mg p r o t e i n ) of the t o t a l ATPase a c t i v i t y , r e s p e c t i v e l y . Ca2+-ATPase a c t i v i t y 
was s u c c e s s f u l l y determined only in membrane f r a c t i o n s o b t a i n e d by method I I . 
A major f l a w of t h i s method, however, is the low recovery of p r o t e i n in the plasma 
mentrane f r a c t i o n ( P , 1 ) . This a l lowed o n l y a l i m i t e d number of i n d i v i d u a l d e t e r ­
m i n a t i o n s . 
The i s o l a t i o n of membranes from t i l a p i a b r a n c h i a l e p i t h e l i u m a c c o r d i n g t o 
method I r e s u l t e d in lower r e c o v e r i e s of SDH a c t i v i t y and Na /K -ATPase a c t i v i t y 
than was the case in eel g i l l membrane p r e p a r a t i o n s ( F l i k et al., 1983). A l s o , 
Na /К -ATPase s p e c i f i c a c t i v i t i e s were about A - f o l d lower in the t i l a p i a p r e p a r a ­
t i o n s than in the eel p r e p a r a t i o n s . These d i f f e r e n c e s may r e f l e c t s p e c i e s - s p e c i f i c 
d i f f e r e n c e s , or may be a t t r i b u t e d t o d i f f e r e n c e s in body s ize or water c o m p o s i t i o n . 
However, the Na /K -ATPase s p e c i f i c a c t i v i t i e s in t i l a p i a membranes i s o l a t e d 
according t o method I are s i m i l a r t o those r e p o r t e d f o r plasma membrane prepa­
r a t i o n s of r a t e n t e r o c y t e s (De Jonge et al., I 9 8 I ) or kidney c o r t e x c e l l s (Van 
2+ 
Heeswijk et al., I S S O , p r e p a r a t i o n s t h a t were both shown t o possess Ca - t r a n s ­
p o r t a c t i v i t y . 
Our r e s u l t s concerning the e f f e c t s of EDTA and detergent t reatment demonstrate 
that the presence of EDTA d u r i n g i s o l a t i o n causes a leaky membrane p r e p a r a t i o n , 
whereas omission of t h i s c h e l a t o r d u r i n g i s o l a t i o n y i e l d s a t l e a s t p a r t l y a t i g h t -
v e s i c l e p r e p a r a t i o n . A l s o , judged by the r e l a t i v e maximum a c t i v i t i e s of the Na /K -
ATPase, omission of EDTA d u r i n g i s o l a t i o n does not a f f e c t the composi t ion of the 
membrane p r e p a r a t i o n . The r e s e a t i n g of membranes i s o l a t e d in the absence of EDTA 
was f u r t h e r s u b s t a n t i a t e d in s u b s t r a t e e x c l u s i o n t e s t s f o r a c e t y l c h o l i n e esterase 
and GPDH a c t i v i t i e s . Average values f o r composit ion of the plasma membrane 
v e s i c l e p r e p a r a t i o n were: 30% i n s i d e - o u t , АА% r i g h t - s i d e - o u t and 26% leaky v e s i c l e s . 
These f i g u r e s must be i n t e r p r e t e d w i t h c a r e , however, f o r a '»5% Na /K -ATPase 
a c c e s s i b i l i t y of the same membrane p r e p a r a t i o n i n d i c a t e s t h a t some permeation 
of ATP and ouabain occurred in a 10-min p e r i o d (the i n c u b a t i o n t ime f o r the 
Na /K -ATPase a s s a y ) . This c o u l d imply t h a t a l s o the p e r m e a b i l i t y of the membranes 
2+ t o Ca increases d u r i n g i n c u b a t i o n . Thus, our c a l c u l a t e d percentages of reseated 
v e s i c l e s probably are over-est imates when these values are used t o assess mem-
2+ brane p e r m e a b i l i t y to Ca . Short incubat ion t i m e s , as used in our s t u d y , seem t o 
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2+ be a p r e r e q u i s i t e f o r the d e t e r m i n a t i o n of the Ca - t r a n s p o r t a c t i v i t y of plasma 
membrane v e s i c l e p r e p a r a t i o n s . 
2+ Ca -stimulated ATPase activity 
2+ 
A h i g h - and a l o w - a f f i n i t y s i t e were deduced f o r Ca - s t i m u l a t e d ATPase a c t i ­
v i t y , which c o r r o b o r a t e s our r e s u l t s on eel g i l l plasma membranes ( F l i k et al., 
+ + 2+ 
ІЭв^іЬ). S u r p r i s i n g l y , the same r a t i o f o r Na /K -ATPase t o h i g h - a f f i n i t y Ca 
ATPase, namely 2 0 . Ί t o 1 , was observed in t i l a p i a and eel g i l l plasma membranes. 
2+ The a f f i n i t y f o r Ca of the l o w - a f f i n i t y component excludes i t s involvement in 
2+ the e x t r u s i o n of Ca from the c y t o s o l , s i n c e , r e p o r t e d l y , in the l a t t e r compart-
2+ 
ment the Ca - c o n c e n t r a t i o n is in general c o n s i d e r a b l y lower than 14 μΜ (Wolf 6 
2+ 
Brostrom, 1979)· No r e p o r t s on f r e e Ca - l e v e l s in the c y t o s o l of branchia l e p i ­
t h e l i a l c e l l s are a v a i l a b l e in the l i t e r a t u r e , but the occurrence of h i g h - a f f i n i t y 
2+ Ca -ATPase and of ca lmodul in in b r a n c h i a l e p i t h e l i u m i n d i c a t e s t h a t i n t r a c e l l u -
2+ 2+ 
l a r f r e e Ca - l e v e l s in t h i s e p i t h e l i u m of 0.063 +ιΜ Ca f o r the h i g h - a f f i n i t y 
component is w i t h i n the range thay may be expected f o r an i n t r a c e l l u l a r l y s t i m u ­
l a t e d enzyme. As p o i n t e d out e a r l i e r ( F l i k et al., 1984a) such very h igh a f f i n i -
2+ t i e s f o r Ca are an i n d i c a t i o n t h a t the enzyme is calmodul in-dependent. In eel 2+ g i l l e p i t h e l i u m we have demonstrated t h a t the h i g h - a f f i n i t y Ca -ATPase a c t i v i t y 
is s e n s i t i v e t o c a l m o d u l i n - a n t a g o n i s t s ( F l i k et al., 1984a). In the present study 
2+ 
we have demonstrated the presence of calmodul in in Ca -ATPase c o n t a i n i n g mem-
2+ branes of t i l a p i a g i l l s . However, whether the Ca -ATPase in t i l a p i a g i l l s is 
a l s o d i r e c t l y a s s o c i a t e d w i t h ca lmodul in remains t o be demonstrated. A close 
a s s o c i a t i o n o f ca lmodul in w i t h plasma membranes i s i n d i c a t e d by the f a c t t h a t 
our membranes were i s o l a t e d in the presence of EDTA. 
The d e t e r m i n a t i o n of calmodul in in c y t o s o l - f r a c t i o n s of b r a n c h i a l e p i t h e l i u m 
- a mixed c e l l p o p u l a t i o n i n c l u d i n g mucus c e l l s , c h l o r i d e c e l l s and r e s p i r a t o r y 
c e l l s - does not a l l o w t o s p e c i f i c a l l y e s t a b l i s h the c e l l u l a r o r i g i n of calmodu­
l i n . We have shown t h a t mucus c o n t a i n s ca lmodul in ( F l i k et al., 1984c). However, 
mucus and c y t o s o l - f r a c t i o n s of b r a n c h i a l e p i t h e l i u m p u r i f i e d in the same way, 
d i f f e r s i g n i f i c a n t l y in t h e i r ca lmodul in c o n t e n t : mucus c o n t a i n s 0.7 mg/g p r o ­
t e i n ( F l i k et al., 1984c), c y t o s o l c o n t a i n s I.98 mg/g p r o t e i n . Since mucocytes 
are almost c o m p l e t e l y f i l l e d up by mucus-containing s e c r e t o r y g r a n u l e s , the 
calmodul in determined in c y t o s o l in the present study can not be der ived from 
mucocytes o n l y . Moreover, the f i n d i n g t h a t ca lmodul in is present in the Na /K -
ATPase-enriched membrane f r a c t i o n s i n d i c a t e s t h a t the c h l o r i d e c e l l s a l s o c o n t a i n 
an a p p r e c i a b l e amount of c a l m o d u l i n . In one experiment on seawater t i l a p i a we 
74 
observed a t h r e e - f o l d higher calmodul in c o n c e n t r a t i o n in f r a c t i o n s of i s o l a t e d 
c h l o r i d e c e l l s than in f r a c t i o n s of b r a n c h i a l e p i t h e l i u m as a whole (unpubl ished 
2+ 
o b s e r v a t i o n ) . In our membrane p r e p a r a t i o n s h i g h - a f f i n i t y Ca -ATPase a c t i v i t y i s 
s t r i c t l y a s s o c i a t e d w i t h Na /K -ATPase a c t i v i t y , which l a t t e r enzyme a c t i v i t y i s 
concentrated in the c h l o r i d e c e l l s of the g i l l s ( S h i r a i , 1972; Hootman 6 P h i l p o t t , 
2+ 1979). I t is reasonable t o suggest t h e n , t h a t the h i g h - a f f i n i t y Ca -ATPase is 
a l s o c o n c e n t r a t e d in the c h l o r i d e c e l l s . The i n f e r e n c e t h a t c a l m o d u l i n and h i g h -
2+ 
a f f i n i t y Ca -ATPase a c t i v i t y are concentrated in the c h l o r i d e c e l l s of the g i l l s 
supports the t h e s i s by Payan e t al. (1981) t h a t these c e l l s p r o v i d e f o r v i r t u a l l y 
2+ 
a l l of the b r a n c h i a l Ca - t r a n s p o r t . 
The leve l of 0.165% calmodul in on KL-prote in b a s i s makes the b r a n c h i a l e p i t h e ­
l ium a r i c h source of calmodul in comparable t o e . g . mammalian t e s t i s (Wolf ε 
Brostrom, 1979). This abundance of calmodul in in g i l l s may be p a r t i a l l y r e l a t e d 
2+ t o the important r o l e of the l a t t e r s t r u c t u r e s in the uptake o f Ca from the w a t e r . 
2+ 
Ca -transport in plasma membranes 2+ 
Branchial influx of Ca in freshwater fish is determined by transcellular 
2+ 
Ca -movement a n d , t h e r e f o r e , n e c e s s i t a t e s a c t i v e t r a n s p o r t ( F l i k et al., \3^à). 
2+ 
Our observat ion of ATP-dependent Ca - t r a n s p o r t in plasma membrane ves i c l es demon-
s t r a tes d i r e c t l y the l i k e l i e s t mechanism invo lved in t h i s t r a n s e p i t h e l i a l f l u x . 
h a 
2+ 
2+ 
The high affinity for Ca of this transporting process is consistent wit n 
extrusion system that is stimulated by intracellular concentrations of Ca 
2+ 
The maximum Ca -transporting activity observed (580 nmol/h at гв'С) is approxi­
mately k.S times lower than the maximum transporting activity expected on the 
2+ basis of calculated total high-affinity Ca -ATPase activity in the branchial 
2+ 
apparatus (2633 nmol/h). Since the Ca -ATPase determination and the analysis 
2+ 
of Ca -transport required isolation of membranes by two different procedures, 
2+ 
no conclusions concerning the ATP/Ca stoichiometry of the process can be drawn. 
2+ 
Yet, for a 20-g tilapia the Ca -transporting capacity of the branchial apparatus 
(580 nmol/h), derived from in vitro experiments, compares well with its in vivo 
2+ 
branchial Ca -influx rate (560 nmol/h; Flik et al., 1984d). Thus, it seems 
2+ 
j u s t i f i e d t o a s c r i b e p h y s i o l o g i c a l s i g n i f i c a n c e t o the observed Ca - t r a n s p o r t i n g 
a c t i v i t y of our plasma ment)rane p r e p a r a t i o n . 
2+ 
Further c h a r a c t e r i z a t i o n of the Ca - t r a n s p o r t i n g mechanism in f i s h g i l l e p i ­
t h e l i urn is now being undertaken, in mammals the r e g u l a t i o n o f the l e v e l s of 
ionized c a l c i u m in the c y t o s o l of i o n - t r a n s p o r t i n g e p i t h e l ¡ a may i n v o l v e , in 
2+ + 24* 
a d d i t i o n to t r anspo r t Ca -ATPase, a process of coupled Na /Ca -exchange across 
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b a s o l a t e r a l plasma membranes, energized by a sodium g r a d i e n t over these membranes 
+ 2+ (Taylor 6 Windhager, 1979)- The ex istence of Na /Ca -exchange in f i s h g i l l s and, 
+ 2+ 2+ 
n e x t , the p o s s i b l e r o l e o f Na /Ca -exchange in b r a n c h i a l Ca - t r a n s p o r t need t o 
be c o n s i d e r e d . 
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PART I I 
Ca -EXCHANGE WITH THE WATER AND INTERNAL DISTRIBUTION OF CALCIUM IN A 
TELEOST FISH, OREOCÜROMIS MOSSAMBICUS 
79 
Symbols (units) and definitions of symbols. 
q a 
*а 
V a 
(cpm;dpm) 
(mol) 
(1) 
S A a 
F a b (mol/h) 
Da 
Τ 1 
W 1 
(h) 
(g) 
Subscripts: 
f 
w 
Ρ 
0 
Quantity of tracer in compartment a 
Quantity of tracée (the material traced) in compartment a 
Medium volume of compartment a 
Specific activity in compartment a; SA = q /Q 
Flux rate or flow into compartment a from compartment b 
Dose of tracer administered to compartment a 
Time 
Wet weight 
Fish 
Water 
Plasma 
Ze ro t i me 
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CHAPTER VI Am. J. Physiol.® 
(ІЭВ^) Submitted. 
WHOLE-BODY CALCIUM FLUX RATES IN THE CICHLID TELEOST FISH OREOCHROMIS MOSSAMBICUS, 
ADAPTED TO FRESH WATER 
ABSTRACT 
Radiotracer techniques were used to measure influx and efflux rates of calcium 
in fresh water adapted Oreoakromis mossambiaus. The influx rate of calcium is re­
lated to body weight (W) as F, » 50W ' nmol/h Ca +. For a 20-g fish the calcu-
2+ 
lated influx rate was 558 nmol/h Ca and this was attributed largely to extra­
intestinal uptake since the drinking rate was only 28 μΐ/h, which corresponds to 
2+ 2+ 
an intake of 22.4 nmol/h Ca . The Ca -efflux rate was calculated using the rate 
of appearance of radiotracer in the ambient water and the specific activity of 
plasma calcium. Tracer efflux rates were constant over 6-8 hours and this was 
taken to indicate that there was no substantial loss of tracer in either the urine 
or the faeces as this would have resulted in random bursts of tracer loss. Efflux 
rates then primarily represent integumentary and, presumably, branchial efflux 
rates. The efflux rate of Ca is related to body weight as F , = 30W ·•Λ', nmol/h 
2+ 2+ 
Ca , which means an efflux rate of 162 nmol/h Ca for a 20-g fish. Taking these 
2+ 
two flux rates into account, the calculated net whole body Ca -influx was 396 
nmol/h for a 20-g fish and this proves that the ambient water is an important 
source of calcium. 
INTRODUCTION 
Freshwater teleostean fish such as Oreoahromis mossarrbicus (hereafter called 
tilapia) maintain their plasma calcium levels within narrow limits (Fenwick & 
Wendelaar Bonga, 1982). As is the case for most teleosts, this species continues 
to grow under natural conditions and must, therefore, continually increase its 
amounts of whole-body calcium. To satisfy this constant requirement for calcium 
uptake and to compensate for calcium losses caused by outward diffusion across 
the integument and via the production of urine and faeces, freshwater fish 
actively accumulate calcium from both food and water. However, direct absorption 
2+ 
of Ca from the water by the gills is believed to be the predominant route for 
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Ca -uptake in freshwater fish (Berg, 1968, 1970; Ichii 6 Mugiya, 1983). This re-
port deals with the significance of the extra-intestinal calcium uptake. 
The understanding of calcium fluxes in teleost fish is limited by a paucity 
of studies. Furthermore, most studies concerned with calcium handling by fish 
involved seawater species only. Since fresh water and sea water conditions are 
very different with respect to calcium, one should be cautious in comparing studies 
on calcium metabolism in seawater fish with those concerning freshwater fish. 
Sea water contains very high levels of calcium and in such an environment fish 
are most likely forced to compensate for excessive influx of calcium by secre-
ting calcium. Conversely, active uptake of calcium is a requisite for survival 
2+ 
and growth in fresh waters, where Ca -concentrations are often much lower than 
those of the body fluids. Moreover, the osmolarity and the concentrations of ions 
2+ 
other than Ca are very much different in fresh water and in sea water. Ambient 
concentrations of one particular ion may well affect the fish's physiological 
2+ 
a c t i v i t y w i t h respect to another i o n . The high l eve l s of Mg in sea water , f o r 2+ 
example, in f luence the Ca-physiology of f i s h adapted t o Ca - d e f i c i e n t sea water 
(Wendelaar Bonga e t al., 1983). 
This study forms par t of our i n v e s t i g a t i o n s on environmental impact and endo-
c r i n e con t ro l of Ca-metabol ism in t i l a p i a and deals w i t h whole-body i n f l u x and 
2+ 
e f f l u x ra tes o f Ca in t i l a p i a adapted to a r t i f i c i a l f r e s h water con ta in ing 
2+ 0.8 mM CaCl 9 . Whole-body i n f l u x of Ca was s tud ied by determin ing the movement 
i»7 2+ 
of Ca i n t o i n t a c t l i v e f i s h , using a whole-body coun te r . Tracer r e t en t i on 
47 2+ 
was s tud ied a f t e r f i s h were given an i n t r a p e r i t o n e a l i n j e c t i o n of Ca 
2+ kS 2+ 
Whole-body e f f l u x ra tes of Ca were est imated by determin ing Ca - l oss f rom 
the f i s h four days a f t e r t r a c e r i n j e c t i o n . 
2+ While Ca - i n f l u x data are a v a i l a b l e f o r a l i m i t e d number of f reshwater 
species (Berg, I968, 1970; F leming, 1973; Fleming e t al., 1973; Pang e t al., 1980; 
I c h i i 6 Mugiya, 1983; Mayer-Gostan e t al., 1983; Höbe e t al., 1984), to our 
2+ 
knowledge this is the first report on Ca -efflux rates for freshwater fish. 
2+ Such efflux rates are essential to assess net uptake of Ca from the water and 
to evaluate the role of the ambient water as a Ca-source for fish. The present 
data enabled us to estimate the contribution of calcium taken up from the water 
to the calcium balance of the fish. 
MATERIALS AND METHODS 
Male tilapia, Oveoahromis mossambicus (formerly called Sarotherodon mossambicus), 
82 
were obtained from laboratory stock, kept in Nijmegen tap water. The conditions 
were the same as those described earlier (Wendelaar Bonga Б Van der Meij, 1980), 
but the temperature was 28 ± leC. 
Fish used for radiotracer studies were transferred into 100-1 aquaria contai­
ning artificial fresh water made up from demineralized water and containing (mM): 
NaCl (3.8), KCl (0.06), MgSo^ (0.2) and CaCl 2 (0.8). The pH was adjusted with 
NaHCO, to 7Л ± 0.2 and the osmolarity was 8-10 mOsmol/l. 
Although the composition of the artificial fresh water is essentially the same 
as the composition of the Nijmegen tap water, artificial fresh water was preferred 
2+ 
for radiotracer studies in order to guarantee constant concentrations of Ca and 
of other ions. During the experiments the pH and Ca concentration in water was 
monitored and adjusted if necessary. Nitrogen wastes were kept in all cases below 
2 μΜ HHÏ. 
Caloiim determination 
Total body Ca was determined by digesting f i s h in concentrated HNO,. Blood was 
col lected from the caudal blood vessels and plasma samples were prepared as des-
cribed previously (Wendelaar Bonga 6 Van der M e i j , 1980). Total Ca of water, HN0,-
digests and plasma was analyzed by means of atomic absorption spectrophotometry, 
using LaCI, (20 mM) as d i luent . To avoid contamination of the atomic absorption 
un i t , Ca-contain ing samples were determined with a commercial Ca-kit (Sigma). 
Radiotracer techniques 
2+ Ί5 2+ Ί7 2+ 
In order to fol low the Ca - t r a n s p o r t , radiotracers Ca and Ca were 
used. Both were purchased (Amersham International p i c , England) as CaCl_ In 
aqueous solut ion. Specific a c t i v i t i e s were 9.25-37·5 GBq/mol Ca and > 0.71» 
GBq/mol Ca for 5Ca and 7Ca, respectively. 5Ca decays ( h a l f - l i f e - 164 days) 
by β -emission (E » 0.252 MeV) into stable Sc. I t s a c t i v i t y was measured by 
l i q u i d s c i n t i l l a t i o n counting (LKB Rackbeta LSA, equipped with a dpm-program) of 
samples prepared by mixing 1 ml of a Ca-contaInlng aqueous solution with 4 ml 
counting solution (Aqualuma, Lumac). Ca decays ( h a l f - l i f e = 4.54 days) by 
β -emission followed by the emission of γ-rays (E « 0.49 (5%), 0.815 (5%) and 
1.308 (74%) MeV) into ^ S c , which also decays ( h a l f - l i f e = 3-40 days) by f-
47 
emission followed by the emission of γ-rays (E = 0.160 (73%) MeV). The Ca 
a c t i v i t y in l i q u i d samples and in whole f i s h was measured by a w e l l - t y p e , 3x3" 
Nal (Tl) s c i n t i l l a t i o n detector equipped with an appropriate counter (gamma-ray 
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spectrometer: El s e i n t or LKB Ultrogramma I I ) set t o measure 1.308 MeV photopeak 
/»τ 47 
o f Ca o n l y . In t h i s s e t t i n g the c o n t r i b u t i o n of Sc-emission was complete ly ex­
c l u d e d . 
The c o u n t i n g e f f i c i e n c y f o r the I.3O8 MeV r a d i a t i o n f o r 1 ml sample measured in 
the wel) amounted t o about 15% (100 χ cps/ O.?*» x Bq). A l i n e a r decrease of the 
c o u n t i n g r a t e (k% and 6.5% decrease per ml f o r the f o r e c a l l e d d e t e c t o r s , respec­
t i v e l y ) was observed w i t h I n c r e a s i n g sample volume. As a r o u t i n e f o r a l l but the 
1-ml samples, a p p r o p r i a t e c o r r e c t i o n s were made, which led t o an apparent c o u n t i n g 
r a t e corresponding t o 1 ml sample volume. 
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Whole-body Ca a c t i v i t y of l i v e f i s h was measured using a perspex c o n t a i n e r 
w i t h a r ing-shaped compartment (1 1 ) , mounted c o n c e n t r i c a l l y around a w e l l - t y p e 
s c i n t i l l a t i o n c r y s t a l ( F i g . 1 ) . In order t o determine the c o u n t i n g e f f i c i e n c y f o r 
І.ЗО8 MeV γ- rays f o r Ca in the f i s h when measured a l i v e r e l a t i v e t o the c o u n t i n g 
e f f i c i e n c y f o r samples measured in the w e l l of the s c i n t i l l a t i o n c r y s t a l s , the 
f o l l o w i n g procedure was a p p l i e d . A ' C a - c o n t a i n i n g f i s h was r i n s e d ( l min) w i t h 
t r a c e r - f r e e water t o remove adsorbed t r a c e r and the f i s h was counted in the per­
spex c o n t a i n e r . Then the f i s h was k i l l e d and q u i c k l y d i s s o l v e d in 12 M КОН a t 
60oC and the bones were destroyed m e c h a n i c a l l y . The r e s u l t i n g d i g e s t was d i v i d e d 
i n t o 5-ml p o r t i o n s , t h a t were counted in the w e l l of the s c i n t i l l a t i o n c r y s t a l . 
From the sum of the c o u n t i n g r a t e s of a l l 5-ml p o r t i o n s and the c o u n t i n g r a t e 
o b t a i n e d in the perspex c o n t a i n e r f o r the whole l i v e f i s h the r e l a t i v e c o u n t i n g 
e f f i c i e n c y was c a l c u l a t e d (lOOx c o u n t i n g r a t e f i s h / c o u n t i n g r a t e In the w e l l ) . 
For f i s h of ІО-ЗО g values o f I9.O ± 1.3% (n=5) were o b t a i n e d . The c o u n t i n g 
e f f i c i e n c y f o r i n t a c t f i s h came t o 2.7% in t h i s set-up (lOOx cps/O.?1· x Bq) . 
Animals were always counted a f t e r a 1-min r i n s e in t r a c e r - f r e e water t o remove 
t r a c e r adsorbed t o the body s u r f a c e . A f t e r being counted, the f i s h were removed 
from the c o n t a i n e r and then the water was counted f o r background a c t i v i t y . 
Counts c o l l e c t e d f o r l i v e f i s h surpassed at l e a s t 10 t imes background count 
r a t e s . During t r a n s f e r s f i s h were handled w i t h wet rubber gloves t o prevent any 
sk in damage t h a t c o u l d i n f l u e n c e the ion f l u x e s (Höbe et al., 198Ί) . Amounts of 
f i s h d u r i n g the i n f l u x s t u d i e s and t r a c e r r e t e n t i o n s t u d i e s never exceeded 15 g 
f i s h per l i t e r w a t e r . 
2+ Ca -influx 
2+ For Ca - i n f l u x s t u d i e s a l l - g l a s s aquar ia or perspex c o n t a i n e r s conta ined 
12 1 or 1 1 of w e l l - a e r a t e d w a t e r , r e s p e c t i v e l y . At the s t a r t of the i n f l u x ex­
periments (2-8 h a f t e r a d d i t i o n of t r a c e r t o the water) f i s h were t r a n s f e r r e d t o 
the exposure systems; they were not fed d u r i n g i n f l u x experiments which l a s t e d up 
t o 3 h. 
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Figure 1. Uptake of Ca in l i v e t i l a p i a . F ish exposed t o Ca in the water 
take up Ca in the body ( I ) . At f i x e d t ime i n t e r v a l s f i s h are caught and t r a n s ­
f e r r e d t o t r a c e r - f r e e water t o r i n s e o f f t r a c e r adsorbed t o the body surface ( I I ) . 
Next, the f i s h are t r a n s f e r r e d t o a r ing-shaped c o n t a i n e r w i t h 1 1 of water ( I I I , 
A: top view; B: s ide v i e w ) . This c o n t a i n e r f i t s around a s c i n t i l l a t i o n c r y s t a l 
and is mounted in a lead chamber ( I V , cover and f r o n t removed). The s c i n t i l l a t i o n 
c r y s t a l d e t e c t s the γ-emission in the f i s h . The gamma-ray spectrometer connected 
t o the s c i n t i l l a t i o n c r y s t a l , and equipped w i t h a p r i n t e r / c l o c k a l l o w s a n a l y s i s 
47 
and r e g i s t r a t i o n of s p e c i f i c emissions of the 'Ca. During the measurements the 
f i s h з г е free-swimming. Fish are handled w i t h wet rubber gloves throughout t r a n s ­
f e r s t o prevent sk in damage. 
Mr 
Drinking rates 
Drinking rates were determined on the basis of gut "''Ca contents as reported 
by Pang et al. (1980). Immediately after three hours exposure to tracer, the ab­
dominal cavity was opened and the intestinal tract, minus the liver and the gall-
47 bladder, was assessed for Ca radioactivity. Good care was taken to include the 
total intestinal contents. The volume of water consumed was calculated as cps per 
2+ gut/cps per ml water. Drinking rates were expressed as yl/h water or nmol/h Ca 
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2+ Ca -efflux 
F i r s t , whole-body t r a c e r r e t e n t i o n was s t u d i e d in f i s h i n t r a p e r i t o n e a l l y i n -
j e c t e d w i t h Ca (4.kk χ 10 B q / g ) . F ish were kept in a l l - g l a s s aquaria w i t h 
ΊΟ 1 w a t e r ; the water was c i r c u l a t e d through charcoal f i l t e r s which were p r e ­
v i o u s l y e q u i l i b r a t e d t o the w a t e r . F i l t e r s and s o l u t i o n s were renewed i f necessary 
t o keep t r a c e r a c t i v i t y a t background l e v e l s in order t o prevent t r a c e r b a c k f l u x . 
During t r a c e r - r e t e n t i o n experiments f i s h were normal ly f e d . Secondly, f i s h were 
given a dose of Ca (D ) and the plasma r a d i o a c t i v i t y was measured from 
0.5 - 79 h a f t e r i n j e c t i o n . Plasma r a d i o a c t i v i t y (q ) was expressed as q /V .D . 
To determine Ca - e f f l u x r a t e s f i s h were i n j e c t e d i n t r a p e r i t o n e a l l y w i t h ^5Ca2+ 
(2.88 χ 10 Bq/g) and were he ld and fed f o r three days. Then f e e d i n g was d i s ­
c o n t i n u e d and the f i s h were starved f o r one day. Next, they were caught, the 
u r i n a r y bladder was emptied by g e n t l y p r e s s i n g the p o s t e r i o r abdominal w a l l , and 
the f i s h were t r a n s f e r r e d t o perspex c o n t a i n e r s w i t h 0.5 - 1 I aerated water f o r 
6 - 8 h. During t h i s p e r i o d and a t the end o f the experiment water samples were 
taken and t h e i r r a d i o a c t i v i t y determined. 
Calculations 
2+ The i n f l u x r a t e s of Ca ( F , : f l u x t o f i s h from water) were c a l c u l a t e d from 
the t ime-curves f o r the t r a c e r content of the f i s h ( q , ) normal ized t o the t r a c e r 
c o n t e n t of the water a t zero t ime (p^v) · The instantaneous i n i t i a l upslope of 
these curves a t zero t i m e , d ( q , / q . ) / d t , Is equal t o F f /0 w i t h 0 being the 
amount of c a l c i u m in the water (Shipley ε C l a r k , 1972; ρ 1 9 Ό . Because of the 
inaccuracies in d e f i n i n g the e a r l y p o r t i o n o f the curve v ia observed p o i n t s , a 
slope o b t a i n e d by the l e a s t - s q u a r e s - f i t t i n g of a l i n e through the data p o i n t s 
f o r up t o three hours was used instead of the a c t u a l slope a t zero t i m e . 
2+ The e f f l u x r a t e s of Ca (F , : f l u x t o water from f i s h ) were c a l c u l a t e d from 
the t ime-curves f o r the t r a c e r content of the water (q ) , which one may normal ize 
t o the t r a c e r c o n t e n t of the b lood plasma o f the f i s h a t zero t ime (q _ ) . Zero 
t ime is the moment of the immersion I n t o t r a c e r - f r e e water of f i s h p r e v i o u s l y 
i n j e c t e d w i t h t r a c e r and kept f o r t h r e e or f o u r days in t r a c e r - f r e e water. The 
slope of these curves a t zero t i m e , d(q /q
 n ) / d t , Is equal t o F /0 , 0 being 
the amount of c a l c i u m in the plasma of the f i s h . The r a t i o q n/Q- is equal t o 
the s p e c i f i c a c t i v i t y of c a l c i u m in the plasma a t zero t ime (SA
 0 ) and hence 
F * = (dq /dt)/SA _ . Since SA « is not a c c e s s i b l e f o r d i r e c t d e t e r m i n a t i o n , SA 
at the end of the experiments was used instead (SA was shown not t o decrease 
s i g n i f i c a n t l y over a 6-8 h p e r i o d Ί days a f t e r t r a c e r i n j e c t i o n ) . Here a l s o not 
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the a c t u a l slopes a t zero t ime were used but the slopes o b t a i n e d by least-squares-
f i t t i n g of a l i n e trhough the data p o i n t s f o r up t o 8 h o u r s . 
Statistics and notations 
Student 's t - t e s t f o r unpaired o b s e r v a t i o n s or the Kruskal-Wal 1 is one-way ana­
l y s i s of var iance by ranks were a p p l i e d t o assess s t a t i s t i c a l s i g n i f i c a n c e of 
d i f f e r e n c e s of mean v a l u e s . L inear regress ion a n a l y s i s was based on the l e a s t -
squares-method. The symbols, d e f i n i t i o n s of symbols and u n i t s used were taken 
from Brownell et al. (1968) and Shipley 6 Clark (1972). 
RESULTS 
In f reshwater male t i l a p i a ranging in body weight f rom 4-93 g , the c a l c i u m 
content of the body amounts t o 316.3 ± 2.3 umol/g. A f u l 1 - l o g a r i t h m i c p l o t of 
the r e s u l t s ( F i g . 2) y i e l d s the power f u n c t i o n f o r the t o t a l f i s h c a l c i u m p o o l : 
Q f = 357.5W ymol. The c a l c u l a t e d slope of the regress ion l i n e (O.965) 
approximates u n i t y , which means t h a t the s ize of the t o t a l body c a l c i u m pool i s 
d i r e c t l y r e l a t e d t o body w e i g h t . 
2+ Ca -influx and drinking rates 
I n t a c t f i s h accumulated Ca a t a constant r a t e f o r a t l e a s t 3 hours ( F i g . 3 ) . 
47 D r i n k i n g r a t e s determined on the basis of i n t e s t i n a l Ca-contents were 28.0 ± 
14.2 μ ΐ /h f o r a 20-g f i s h , i . e . an intake of 22.4 ± 12.2 nmol/h Ca. The r a d i o ­
a c t i v i t y present in the gut a f t e r three hours as a f r a c t i o n of the est imated 
t o t a l body r a d i o a c t i v i t y averaged 1.26? and never exceeded І.ЬХ. Thus, a l t h o u g h 
the slope of the t r a c e r uptake curve r e f l e c t s both the e n t r y through the i n t e g u ­
ment and the gut c o n t e n t s (which l a t t e r in f a c t belong t o the e x t e r n a l compart­
ment) , whole-body i n f l u x of c a l c i u m can be c a l c u l a t e d from the slope of a 3-h 
47 t r a c e r uptake curve and the s p e c i f i c a c t i v i t y of Ca in the w a t e r . Since the 
f i s h s ize v a r i e d from 9.8 t o 28 g in t h i s group, we c o u l d e s t a b l i s h a r e l a t i o n 
between i n f l u x r a t e s and body w e i g h t . A p o s i t i v e c o r r e l a t i o n was observed between 
2+ 2+ 
body weight and Ca - i n f l u x . Rates of Ca - i n f l u x ranged from 195 nmol/h (W = 
2+ 9.8 g) t o IO65 nmol/h (W - 28 g ) ( F i g . 4 ) . In t h i s weight range Ca - i n f l u x r a t e 
i s r e l a t e d t o body weight as F, = 50W ' nmol/h. For a 20-g f i s h F, comes 
t o 558 nmol/h C a 2 + . 
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Figure 2. F u l l l o g a r i t h m i c p l o t o f the r e l a t i o n s h i p between body weight in grams 
(W/g) and whole body c a l c i u m c o n t e n t in μπιοί (Q,/10 m o l ) . A h i g h l y s i g n i f i c a n t 
c o r r e l a t i o n was observed between log(W/g) and \og(Q.f/ÌO mol ) ( r 0 = 0.998, 
Ρ < 0 . 0 0 1 , n=25)· Tota l body Ca f o r f reshwater male t i l a p l a can be descr ibed by 
,P.965 3 5 7 . 5 Г μπιοί Ca. 
10 
о 
» I io3 
о 
io2j 
10 10 10 
W/g 
Figure 3. Accumulation of Ca (q^/q -) In an individual fish expressed as a 
2+ fraction of the total radioactivity in the water at zero time. The Ca -influx 
rate is calculated from the slopes of such linear tracer uptake curves and the 
2+ 
water total Ca pool. The calculated Ca -influx rate for this fish (W=15.1 g) 
was 880 nmol/h. 
88 
¿8 
σ 
> 4 
1 2 
time/ h 
2+ Figure 4. R e l a t i o n s h i p s between whole-body Ca - f l u x r a t e s and body w e i g h t . For 
f i s h in the range of 9-28 g , a s i g n i f i c a n t p o s i t i v e c o r r e l a t i o n ( г
о
^ ) . 5 4 0 , 
2+ 
Ρ < 0 . 0 0 1 , n=58) was observed between Ca - i n f l u x r a t e ( F , ) and body w e i g h t . 
Ca - i n f l u x r a t e s were s a t i s f a c t o r i l y descr ibed by F f = 50W ' nmol/h. 
For f i s h in the range of 9.8-24 g , Ca + - e f f l u x r a t e s were p o s i t i v e l y c o r r e -
2+ 
l a t e d w i t h body weight ( r 0 = 0 . 4 4 3 , Ρ < 0 . 0 5 , n = 2 l ) . Ca - e f f l u x r a t e s were s a t i s ­
f a c t o r i l y descr ibed by F
 f = 30W nmol/h. Thick l i n e represents net Ca -
i n f l u x r a t e s , c a l c u l a t e d as the d i f f e r e n c e between F, and Fw^. 
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2+ 
To assess whether Ca -influx in our fish underwent fluctuation throughout the 
year, all influx rates of individual fish (F, (W)) presented in Fig. Ί were con­
verted to values for a 20-g fish, according to : F- (20) F f w(W) χ (20/W)
0
·
8 0 5
. 
These values were subsequently pooled in groups per month of experimentation. 
2+ 
These data (Fig. 5) showed that Ca -influx rates in our freshwater male tilapia 
did not undergo statistically significant (P > 0.20) seasonal fluctuation. 
2+ 2+ 
Figure 5. Ca -influx rates throughout the year. Individual Ca -influx rates 
(Fr (W)) were converted to influx rates for a 20-g tilapia, according to F, (20 
Ff (W) χ (20/W) ' . These values were pooled per month of experimentation. 
No significant differences among the groups were observed (Kruskal-Wal 1 is, one­
way analysis of variance by ranks, Ρ > 0.20). 
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2+ Ca -efflux rates 
For the determinat ion of e f f l u x rates plasma Ca- t racer s p e c i f i c a c t i v i t y should 
p re fe rab l y be constant dur ing the exper iment. F i g . 6 shows tha t in l i v e t i l a p i a 
the f i r s t 2k h a f t e r t r ace r i n j e c t i o n were marked by a rap id decrease in whole-
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body t r a c e r c o n t e n t . This was f o l l o w e d by a s m a l l , a p p a r e n t l y l i n e a r decrease which 
l a s t e d f o r a t l e a s t a f u r t h e r 60 h. In a separate exper iment , us ing Ca, plasma-
t r a c e r a c t i v i t y ran c o n c u r r e n t l y w i t h whole-body t r a c e r c o n t e n t . Plasma t r a c e r 
content (q /V .D ) a t 72 h and 79 h - the t ime a t which the e f f l u x experiments 
were done - were (1.079 ± 0.114) χ I O - 3 m l " 1 (n=i») and (1.058 ± 0.327) χ Ю - 3 m l " 1 
(n=10), r e s p e c t i v e l y , and these values d i d not d i f f e r in a s t a t i s t i c a l l y s i g n i f i ­
cant way (P > 0 . 1 5 ) . 
Figure 6. Whole-body t r a c e r - r e t e n t i o n curve f o r t i l a p i a i n j e c t e d i n t r a p e r i t o n e a l l y 
47 2+ 
Ca . Tracer r e t a i n e d in the body ( q , ) i s expressed as a f r a c t i o n of the w i t h 
t r a c e r in the f i s h a t zero ( i n j e c t i o n ) t ime ( q , / q , n ) . Mean values of 7 f i s h are 
shown ( · · ) . Plasma t r a c e r content (q /V ) expressed as a f r a c t i o n of the 
dose of t r a c e r i n j e c t e d (D ) decreases c o n c u r r e n t l y w i t h whole-body t r a c e r con­
t e n t ( и з ) . Numbers i n d i c a t e the number of f i s h per group. 
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From these o b s e r v a t i o n s we conclude t h a t between 72 h and 100 h a f t e r i n j e c t i o n 
of the t r a c e r , i t s loss from the body is slow and l i n e a r and t h a t the plasma 
Ca-tracer s p e c i f i c a c t i v i t y w i l l not change s i g n i f i c a n t l y over а б t o 8 h p e r i o d . 
For 10 f i s h k i l l e d 79 h a f t e r t r a c e r i n j e c t i o n , plasma t o t a l Ca amounted to 
2.85 ± О.ІЗ mM; such values are in l i n e w i t h p r e v i o u s l y r e p o r t e d plasma Ca l e v e l s 
in t h i s species (Wendelaar Bonga ε Van der M e i j , I98O). 
Tracer accumulat ion r a t e in the water proved t o be c o n s t a n t over a 6-8 h 
p e r i o d ( F i g . 7 ) . 
k5 2+ Figuve 7. Tracer appearance in the water upon immersion o f Ca - i n j e c t e d f i s h 
in t r a c e r - f r e e w a t e r . Water t r a c e r content (q ) is expressed as the f r a c t i o n of 
45 W 
the plasma Ca s p e c i f i c a c t i v i t y of the f i s h a t the end of the experiment (SA ) . 
Mean values f o r 10 f i s h ± S.E. are g i v e n . Regression l i n e : r n = 0.999, Ρ < 0 . 0 0 1 . 
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On the basis of the data presented in Fig. 5, and the accumulation rates of tracer 
2+ 2+ 
in the water, Ca -efflux rates (Fig. Ц) were calculated. Individual Ca -efflux 
rates ranged from 7k nmol/h (in a fish weighing 13.8 g) to 229 nmol/h (in a fish 
2+ 
weighing 23.6 g). In the body weight trajectory studied, efflux rates of Ca 
were related to body weight as F , » 30W nmol/h. For a 20-g fish F , conies 
to 162 nmol/h Ca . According to the conservation equation F ^ • F, - F ,, a 
7, net fw wf' 
net influx rate of 392 nmol/h Ca was calculated for a 20-g male tilapia in 
fresh water. 
DISCUSSION 
2+ . », 
Ca -influx 2+ To estiiiete Ca -uptake from the water in tilapia we determined bidirectional 
2+ 2+ 
Ca -fluxes between fish and water. An influx rate of 558 nmol/h Ca for a 20-g 
tilapia was calculated, which is of the same order as influx rates reported for 
other species, e.g. Fundulus kaneae (27 nmol/h/g wet weight; Fleming et al., 
1973), Carassius auratus (16.3 nmol/h/g fish; Berg, 1968) and Fundulus hetero-
alitus (32.5 nmol/h/g fish; Pang et al., 1980), but significantly lower than the 
2+ Ca -influx rate for Carassius auratus (ЙЭ nmol/h/g fish) reported by Ichii & 
Mugiya (1983). 
2+ Ca from the water enters the fish via the gut by drinking water and via the 
integument, of which the gills form a major part (Hughes, 1972). The drinking 
rate of 28 μΐ/h water for a 20-g fish as found in this study is about half that 
of the values reported by Potts et al. (1976) for the same species in fresh 
water (0.26% of the body weight per hour) but we do not consider this difference 
physiologically significant. Reported values for other species are: for Carassius 
auratus 51 μΙ/h/IOO g (Motáis et al., 1969), for Anguilla anguilla 135 μΙ/h/IOO g 
(Maetz 6 Skadhauge, 1968), for freshwater Platiahthys flesus 37 μΙ/h/lOO g (Motáis 
et al., 1969) and for Salmo trutta 45.5 μΙ/h/IOO g (Oduleye, 1975). If we assume 
2+ that all of the Ca entering tilapia by drinking is absorbed from the gut, the 
2+ 
intestinal influx would amount to 22.4 nmol/h Ca for a 20-g fish, which is 
2+ 
equivalent to 3.9% of the total body Ca -influx in freshwater adapted fish. 
Admittedly, objection can be made to the calculation of drinking rates from Ca-
tracers present in the contents of the intestine. In tilapia bidirectional trans-
2+ 
mural Ca -fluxes in the gut occur (Flik et al., 1982). Consequently, bidirectio-
Ί7 nal tracer fluxes will occur in the gut. If, for example, Ca, after having 
been taken up by the gills, exchanged with gut Ca-contents, the drinking rate 
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mentioned above for tilapia is an overestimate. The gut radioactivity was smaller 
than the standard error of the mean total body tracer accumulated in 3 h. For the 
time being then, we consider the total body radioactivity to approximate the 
Ί7 2+ 
extraintestinal influx of Ca . We further consider the gills as the main site 
2+ 
of Ca -entry. Mashiko 6 Jozuka (1964) suggested that in freshwater Carassius 
auratus the integument covering the body and especially that of the fins, is an 
2+ 
additional site for Ca -exchange. Unfortunately, the relative contributions of 
2+ 
Ca -exchange through skin and fins have so far not properly been quantified, 
2+ i.e. in terms of net Ca -fluxes. It may be assumed that the relative contribu-
2+ tion of branchial and epidermal Ca -exchange is at most proportional to the 
surface of these parts. Estimates for the gill surface area in most fish range 
from 70-95% of the total body surface (Hughes, 1972; Muir 6 Hughes, 1969). It 
2+ is more likely however, that the gills contribute significantly more to the Ca 
uptake than their relative surface area suggests. In the first place, the gills 
are substantially better vascularized than the skin. Further, the gills contain 
most of the chloride cells of the integument, and there is evidence that these 
2+ 
cells are specialized for the uptake of Ca (Payan et al., 1981). We have shown 
2+ 
that in Anguilla rostrata the high-affinity Ca -ATPase which we consider the 
2+ 
enzymic expression for the branchial Ca -pump is most likely located in the 
chloride eel 1 s (Fl ik et al., 1981»). Similar, unpublished, observations were made 
on tilapia. No such enzyme activity could be detected in the skin. These obser-
2+ 
vations support the idea that the gills are the main site for active Ca -uptake, 
2+ 
and that the whole-body Ca -influx essentially reflects branchial influx. 
2+ Our Ca -influx estirtates are very similar to those reported for isolated 
head preparations of freshwater trout (Payan et al., 1981) but not to those re­
ported on the gill arch preparation of European eel by Milet et al. (1979). 
2+ 
The observed relationship between body weight and Ca -influx rate (F, = 
0 80Ç 
SOW ' nmol/h) is strikingly similar to the relationship between body weight 
and water exchange reported for freshwater tilapia by Potts et al. (1967)· 
A similar function with a power of 0.85 was reported for the relationship be-
tween body weight and oxygen-consumption in fish (Winberg, 1956). The conside-
2+ 
rabie spread in individual values for whole-body Ca -influx rate may result from 
individual differences in general metabolic activity or Ca-status of the fish. 
Alternatively, one might assume the existence of a direct relationship between 
2+ gill surface and Ca -influx rates. As the gill surface area is reported to 
vary considerably for individuals of the same species (Hughes, 1972), this could 
explain the observed individual variation. 
2+ 
In our study we did not observe seasonal variation in Ca -influx rates. 
9Ί 
The fact that the fish were kept under constant conditions throughout the year and 
that only males were used in the present study may, however, have eliminated any 
season- or sex- related variations. Fleming et al. (197Э) reported seasonal va-
2+ 
riations in Ca -influx in Fundulus kansae, which they tentatively related to 
changes in the endocrine status of the fish. Seasonal variations in responses to 
adrenalin have been reported for Salmo gaivdneri (Paert et al., 1982) and such 
2+ 
variations influence branchial Ca -uptake (Payan et al., 198I). 
Ca -efflux 
2+ 45 
Calculations of whole-body Ca -efflux rates were based on plasma total Ca 
specific activity. We assumed that no differences in tracer specific activity 
existed between protein-bound calcium fractions and the dialyzable (complexed 
and ionic) calcium fractions, neither in the blood plasma nor in the extracellu­
lar fluids. A second assumption is, that plasma Ca-traceг specific activities 
did not change significantly during the efflux experiment. This was justified by 
the constancy of plasma tracer levels during the period of experimentation (i.e. 
on the fourth day after tracer injection). A double constraint applies to the 
2+ 
calculation of Ca -efflux rates in our set-up. First, the duration of the ex­
periment must be short in comparison with the time required for isotope equili­
bration between fish and water. Secondly, during the experiment the specific 
activity in the compartment from which the tracer leaves should be constant. 
Apparently, both conditions were fulfilled, as was indicated by the constancy 
of efflux rate values during the experimental period (Fig. 7)· 
2+ The question arises then to what extent whole-body efflux rates of Ca 
2+ 
reflect branchial efflux rates. In addition to branchial Ca -efflux, urinary 
2+ 
and Intestinal excretion of Ca take place. The tracer accumulation in the 
water for individual fish was linear over a 6-8 h period and this was taken as 
2+ 
evidence that no substantial urinary or faecal Ca -excretion occurred, since 
such periodical phenomena would have resulted in a fluctuating efflux. Efflux 
via the integument may be considered to occur by passive diffusion only. 
Therefore, and because the skin is much thicker and less vascularized than the 
2+ gills (Wendelaar Bonga ε Meis, I98I), Ca -efflux through the skin is probably 
2+ 
relatively small. To our knowledge, no reports on whole-body Ca -efflux rates 
2+ 
are available in the literature. An efflux rate of 229 nmol/h Ca in a 20-g 
tilapia, however, compares well with a branchial efflux rate of 6.93 pmol/h/kg 
fish reported by Milet et al. (1979) for isolated gill arch preparations of 
European eel. 
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Net Ca2+-flux 
2+ 
A freshwater adapted tilapia of 20 g has a net uptake rate of Ca from the water 
of about 400 ntnol/h. This uptake rate will allow a freshwater tilapia of 20 g to 
grow by 1 g, which is equivalent to the accumulation of 310 ymol Ca in the body, 
in 33 days. This value is commensurate with growth rate under our laboratory 
conditions. An experiment whereby tilapia were fed a calcium-deficient diet did 
not significantly affect their growth rate (unpublished results). Apparently, 
2+ 
tilapia have an efficient system to extract Ca from the water. Berg (1968, 1970) 
2+ has shown for Carassius aupatus that intestinal Ca-absorption and branchial Ca 
influx are inversely related. We have preliminary evidence that In tilapia the 
2+ Ca -uptake from the water can be hormonally stimulated (Wendelaar Bonga Б Flik, 
I982). It would be interesting to investigate whether the process of adjusting 
2+ branchial Ca -uptake to the dietary supply in tilapia is mediated by hormones. 
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CHAPTER VII 
EFFECTS OF LOW AMBIENT CALCIUM LEVELS ON WHOLE-BODY Ca 2 +-FLUX RATES AND INTERNAL 
CALCIUM POOLS IN THE FRESHWATER CICHLID TELEOST FISH OBEOCHFOMIS MOSSAMBICUS 
ABSTRACT 
Calcium fluxes and internal calcium pools were measured in fed, rapidly growing, 
2+ 
male tilapia, Oreochromis mossambicus, acclimated to ambient Ca -concentrations 
of 0.8 mM (FW) and 0.2 mM (LFW). Plasma calcium levels were slightly and signi­
ficantly higher in the LFW tilapia, but muscle calcium concentrations were inde­
pendent of ambient calcium. The LFW fish continued to grow and accumulate calcium 
although the calcium content of their hard tissues was reduced. The LFW fish had 
2+ 2+ 
higher Ca -influx and Ca -efflux than the FW fish. The increase in the influx 
2+ 
of Ca in LFW fish was, however, substantially greater than the increase in the 
2+ 2+ 
efflux of Ca , giving these fish a more than 4-fold increase in net Ca -influx: 
2+ for a 20-g tilapia net uptake rates of Ca from the water were 390 and 1620 
-I 2+ 
nmol.h Ca for FW and LFW adapted fish, respectively. These values were cal­
culated to represent a substantial portion of the total calcium accumulated by 
these growing fish. This indicates that even in low-calcium water, tilapia ab­
sorb a significant amount of their calcium requirement directly from the ambient 
medi um. 
The readily exchangeable bone calcium pool in the FW fish was estimated to be 
about 7% of the total hard tissue calcium. In the fish acclimated to LFW this 
percentage increased to about 15% as total hard tissue mineralization decreased. 
This may indicate that tilapia can increase the mobility of their hard tissue 
calcium during periods of low calcium stress. 
INTRODUCTION 
Freshwater f i s h can and do accumulate c a l c i u m d i r e c t l y from the water by ab­
s o r p t i o n across the g i l l s ( S i m k i s s , \Э7^^^, Mi lhaud et al., 1977; Mayer-Gostan 
et al., 1983) and in a t l e a s t some species of f i s h t h i s mode of c a l c i u m accumu­
l a t i o n is s u f f i c i e n t t o mainta in normal g r o w t h , even when the f i s h are f e d a 
c a l c i u m - d e f i c i e n t d i e t (Ogino 6 Takeda, 1976, 1978; Watanabe et al., I98O; 
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I c h i i & Mug i y a , 1983). In f a c t , even when ca lc ium is s u p p l i e d w i t h the f o o d , d i r e c t 
a b s o r p t i o n of c a l c i u m from the water v ia the g i l l s p r e v a i l s (Berg, 1970). This l a s t 
uptake mechanisms may be expected t o f u n c t i o n a t f u l l c a p a c i t y in growing f i s h 
w h i c h , of c o u r s e , must be s u p p l i e d w i t h a l l other n u t r i t i o n a l requirements. 
Undernourished f i s h can not be expected t o grow and lay down m i n e r a l i z e d t i s s u e . 
Indeed, under c o n d i t i o n s of s t a r v a t i o n f i s h show no c a l l u s f o r m a t i o n in response 
t o bone f r a c t u r e , as was shown f o r Caraaaiua auratus and Тгіарга macrooephala (Moss, 
1962); carp (Caraasius carassius) a re known t o d e m i n e r a l i z e t h e i r scales d u r i n g 
s t a r v a t i o n ( I c h i k a w a , 1953)· 
I t i s w e l l known t h a t calc ium-uptake in f reshwater f i s h i s c o n s i d e r a b l y h igher 
than t h a t in seawater f i s h . This is f r e q u e n t l y considered t o p o i n t t o the e x i s ­
tence in f i s h of a compensatory c a l c i u m uptake mechanism v i s - à - v i s the a v a i l a b i -
l i t y of ca lc ium in the water . This prompts the quest ion whether the ca lc ium leve l s 
in f r e s h waters - which show cons iderab le v a r i a t i o n - determine the magnitude of 
ca lc ium accumulat ion in f i s h which inhab i t such environments. 
The study repor ted here was designed to i nves t i ga te the r o l e of ambient c a l -
2+ 
cium on the net uptake of Ca from the water in growing specimens of the f r e s h -
water c i c h l i d species Oreochromis mossarribicus. F ish were acc l imated to two l eve l s 
Í17 i|C 2+ 
of ca lc ium in the water . Employing the isotopes Ca and Ca, Ca - i n f l u x and 
2+ Ca - e f f l u x were determined separate ly using a procedure which was developed 
e a r l i e r (FI ik etat., i g S O . In a d d i t i o n , t o t a l as we l l as r e a d i l y exchangeable 
2+ 
ca lc ium pools of the hard t i ssues were measured. The ra tes o f uptake of Ca from 
the water were eva luated in r e l a t i o n to growth r a t e s . A poss ib le r o l e f o r i n te rna l 
s tores in the maintenance of ca lc ium homeostasis is d iscussed. 
MATERIALS AND METHODS 
Male t i l a p i a , Oreochromis mossambiaus, weighing 10-30 g were used throughout 
t h i s s tudy. They were obta ined from labora to ry stock and were held under cond i t i ons 
as descr ibed p rev ious l y ( F l i k et al., igÖ^d) . 
Ca and Ca were purchased as ca lc ium c h l o r i d e in aqueous s o l u t i o n (Amers-
ham In te rna t i ona l p i c , England) . Spec i f i c a c t i v i t i e s were: f o r Ca, 9-25-37.5 GBq/ 
A7 
mol Ca; f o r Ca, >0.7'» GBq/mol Ca. Only reagent-grade chemicals (Sigma) were used. 
Acclimation 
2+ 
Fish used in the Ca -flux studies were acclimated to artificial fresh water pre-
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pared from demineral ¡zed water and containing (mM) : NaCl ( 3 . 8 ) , KCl (О.Об), MgSOr 
(0.2) and CaCl, ( e i t h e r 0.8 or 0 . 2 ) ; the pH was adjusted with NaHCO, to У·2» ± 0 . 2 . 
The f i n a l osmolarity was 8-10 mOsmol/1. Water containing 0.8 mM CaCl- is r e f e r r e d 
to as fresh water (FW) and approximates the Nijmegen c i t y tapwater in which the 
laboratory stock of t i l a p i a is kept and bred. Low-calcium fresh water, containing 
0.2 mM CaCl. is r e f e r r e d to as LFW. Fish were acclimated to LFW by t r a n s f e r r i n g 
them f i r s t from FW to FW containing O.A mM CaCl., and one day l a t e r to LFW. 
2+ Throughout the adaptation period and during the experiments both pH and Ca -
concentrations were monitored and adjusted as required. Ammonia levels were kept 
below 2 μΜ NH, by charcoal f i l t r a t i o n and by changing the water. Fish were main­
tained in t h e i r acclimation medium for a t least 10 weeks before the s t a r t of f l u x 
determinations and were fed t h e i r normal rat ion of food. At the time of f l u x de­
terminations the f i s h were growing at a rate of about 3-5£ body weight per month 
and they remained healthy. 
2+ Determination of whole-body Ca -flux vates 
2+ Whole-body Ca - f l u x rates were determined as described in d e t a i l e a r l i e r 
( F l i k et al., ISS^d). A whole-body counter and 'Ca (92.5-370 kBq/1 water) as a 
2+ tracer were used in inf lux studies. Whole-body e f f l u x rates of Ca were deter-
45 2+ 
mined in two ways, i) Four days a f t e r intraperitoneal in ject ion of Ca (37-74 
kBq/g f i s h ) , on the basis of tracer appearance in small volumes of water (0.5-1 1) 
and the plasma- "Xa specif ic a c t i v i t y a t the end of the experiment. One-day 
47 2+ starved f i s h , with emptied urinary bladders were used, i i ) Four days a f t e r Ca 
injection ( 9 2 . 5 - I 8 5 kBq/fish) on the basis of apparently l inear whole-body tracer 
47 loss in t r a c e r - f r e e water and the plasma- Ca specif ic a c t i v i t y at that time. 
2+ In the f i r s t type of determination e f f l u x rates of Ca e s s e n t i a l l y represent 
branchial e f f l u x rates ( F l i k et al·., 1984d). In the second type of determination, 
2+ 
e f f l u x rates of Ca include urinary and i n t e s t i n a l Ca-secretion. For both groups 
of f i s h tracer-uptake, t r a c e r - r e t e n t i o n a f t e r I n j e c t i o n and t r a c e r - l o s s from the 
body to the water were plotted to ascertain that the k i n e t i c s of these processes 
permit the a p p l i c a t i o n of f l u x - r a t e calculat ions that we developed for FW t i l a ­
pia ( F l i k et al., 1984d). 
Analytical procédures 
Plasma tota l Ca was determined by atomic absorption spectrophotometry, using 
20 mM LaCl, as a d i luent , or with a commercial calcium k i t (Sigma) in the case of 
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Ca-conta i n i n g samples. 
Three types of bone samples and one muscle sample were taken from every f i s h . 
T r i p l i c a t e samples of 10 scales each were taken from both s ides a t the m i d - l a t e r a l 
r e g i o n , p o s t e r i o r t o the o p e r c u l a r s l i t . A sample of o p e r c u l a r bone was taken 
a f t e r removing the s k i n and connect ive t i s s u e by rubbing w i t h t i s s u e paper. A 
sample of v e r t e b r a l bone was t a k e n , whereby adhering s o f t t i s s u e s were removed 
a f t e r pressure-cooking f o r 1 min as suggested by Fleming (1973). Muscle samples 
c a r e f u l l y f r e e d of bone and scales were taken from the dorsal r e g i o n . A l l t i s s u e 
samples were d r i e d o v e r n i g h t a t 90-100oC, dry weights were determined t o the 
nearest 0.01 mg. The d r i e d samples (5-50 mg) were d i s s o l v e d in 0.5 ml c o n c e n t r a ­
ted HNO- a t 60°C f o r 1 h and the sample volume was brought up t o 5 ml w i t h 
d o u b l y - d i s t i l l e d w a t e r . T o t a l Ca of t i s s u e d i g e s t s was determined on 5-50 μΐ 
samples w i t h the thymol-blue method of Gindler and King (1972). Calcium r e f e r e n ­
ces were prepared from a c a l c i u m atomic a b s o r p t i o n standard s o l u t i o n (1000 yg/ml 
d i l u t e HCl ; Sigma). 
45 For Ca a n a l y s i s , 1 ml of d i l u t e d t i s s u e d i g e s t of 5-10 1 plasma in a vol urne 
of 1 ml w a t e r , were mixed w i t h k ml Aqualuma (Lumac) and counted in a Rackbeta 
LSA, equipped w i t h a dpm-program. A l l samples were assayed in t r i p l i c a t e . Tissue 
t r a c e r content is presented as r e l a t i v e s p e c i f i c a c t i v i t y (SA ) , which i s the 
r a t i o of t i s s u e s Ca-tracer s p e c i f i c a c t i v i t y (SA ) t o plasma Ca-tracer s p e c i f i c 
a c t i v i t y (SA ) . 
Ρ 
Statistics and notations 
S i g n i f i c a n c e of d i f f e r e n c e s between mean values was assessed a p p l y i n g S t u d e n t ' s 
t - t e s t f o r unpaired o b s e r v a t i o n s (a=S%)· S i g n i f i c a n c e was accepted a t the 2%-
l e v e l . L inear regress ion a n a l y s i s was based on the l e a s t - s q u a r e s method. The 
symbols, d e f i n i t i o n s of symbols and u n i t s used were taken from Shipley and Clark 
(1972). 
RESULTS 
Flux rate determinations 
In Fig. l a , whole-body 
p r e s e n t e d . Under both c o n d i t i o n s the i n c r e a s i n g whole-body t r a c e r contents showed 
47 l i n e a r i t y f o r a 3-h p e r i o d . In F i g . l b , whole-body C a - r e t e n t i o n in FW and LF 
t i l a p i a is shown. In both cases a r a p i d decrease in whole-body t r a c e r c o n t e n t 
47 2+ I  i . l , l  Ca -uptake from the water in FW and LFW t i l a p i a is 
Dl
n  ri . n ol a-r t t n W LFW 
102 
d u r i n g the f i r s t 24 h a f t e r i n j e c t i o n of the t r a c e r i s f o l l o w e d by a steady, slow 
47 
and a p p a r e n t l y l i n e a r decrease. LFW-fish however, r e t a i n e d s i g n i f i c a n t l y less Ca 
than F W - t i l a p i a . From 24-100 h, the slopes of the t r a c e r r e t e n t i o n curves of the 
FW and LFW t i l a p i a , f i t t e d by l i n e a r regress ion a n a l y s i s , were s i g n i f i c a n t l y 
d i f f e r e n t (P < 0 . 0 1 ) . This c l e a r l y shows t h a t LFW t i l a p i a loose t r a c e r f a s t e r 
than FW t i l a p i a . In F i g . 1c, i t is shown t h a t t r a c e r appearance in the water was 
l i n e a r over a 6-h p e r i o d in both cases. The k i n e t i c s of the t r a c e r movements in 
our experimental set-up j u s t i f y the c a l c u l a t i o n of Ca - f l u x rates (see: F l i k et 
al., 1984d). 
47 2+ Figure 1. (a) Whole-body Ca -uptake from the water expressed as f i s h t r a c e r 
content a t t ime t ( q f ) r e l a t i v e t o the t o t a l r a d i o a c t i v i t y in the water a t zero 
t ime ( p , ^ ) · Data concern one FW t i l a p i a and one LFW t i l a p i a o n l y . 
(b) Whole-body t r a c e r r e t e n t i o n curves f o r t i l a p i a i n j e c t e d i n t r a p e r i t o n e a l l y w i t h 
Ca . Retent ion i s expressed as t r a c e r r e t a i n e d in the body a t t ime t ( q , ) d i ­
v ided by t r a c e r in the f i s h a t zero ( I n j e c t i o n ) t ime (я^п) · Mean values f o r 7 FW 
and 5 LFW t i l a p i a are g i v e n . L inear regress ion a n a l y s i s of the data o b t a i n e d f rom 
24 - 100 h y i e l d e d s t a t i s t i c a l l y s i g n i f i c a n t s l o p e s , namely 136 cpm/h f o r FW t i l a ­
p ia (W - 14.3 ± 0.8 g) and 313 cpm/h f o r LFW t i l a p i a (W - 18.2 ± 2.1 g ) . 
45 2+ 
(c) Tracer appearance in the water upon immersion of Ca - i n j e c t e d t i l a p i a in 
t r a c e r - f r e e w a t e r . Water t r a c e r c o n t e n t (q ) is expressed as the f r a c t i o n of the 
I _ w 
plasma Ca specific activity of the fish at the end of the experiment (SA ). 
Mean values are given for 10 FW tilapia and 6 LFW tilapia. 
ο β 
σ 
юз 
2+ In Fig. 2 , in - and e f f lux rates of Ca in FW and LFW t i l a p i a are compared. Flux 
2+ 
rates of Ca in FW t i l a p i a determined in the present study did not d i f f e r from 
2+ previously reported values (F l ik et al., 1984d). Therefore, Ca - in f lux (F f ) is 
0 flOÇ 2+ 
represented by F, - 50W ' nmol /h ( l ine a) and e f f lux of Ca (F , ) by F , «• 
30W nmol/h ( l ine Ь). In the body-weight t r a j e c t o r y studied (W - 10-30 g ) , Ca + -
2t-inf lux rates as well as Ca - e f f l u x rates in LFW t i l a p i a were s i g n i f i c a n t l y higher 
than the corresponding values f o r FW t i l a p i a . F i t t i n g the relationships between 
f l u x rates and body weights of LFW t i l a p i a by l inear regression analysis (dotted 
l i n e s ) and using the forementioned relationships between f l u x rates and body weight 
for FW t i l a p i a (that y i e l d e s s e n t i a l l y straight l ines in t h i s p a r t i c u l a r body 
weight t r a j e c t o r y ) , the following formulae were obtained for net f l u x e s : in FW 
t i l a p i a F
 t - F, - F , - 210 + l8 (W-10) nmol/h C a 2 + and in LFW t i l a p i a F -r
 net fw wf r net « 
1040 + 48 (W-10) nmol/h Ca . For a 20-g FW t i l a p i a F comes to 390 nmol/h Ca 
2+ n 
and for a 20-g LFW t i l a p i a to 1620 nmol/h Ca , which indicates a 4 . 1 5 - f o l d enhan-
2+ 
ced uptake of Ca from the water in the l a t t e r f i s h . 
Figure 2. Comparison of whole-body f l u x rates in FW and LFW t i l a p i a . I n - and 
e f f l u x rates of Ca for FW t i l a p i a are represented by F, » 50W ' nmol/h ( l i n e 
a) and by F
 f = 30W nmol/h ( l i n e b ) , respectively. For LFW t i l a p i a individual 
2+ w f : 2+ 
Ca - i n f l u x rates ( O , n-8) and Ca - e f f l u x rates (Δ, n-10) are given. In the body 
weight range from 10 - 30 g the relationships between f l u x rates and body weight 
were f i t t e d by l inear regression analysis (dotted l i n e s ) . In this body-weight 
2+ 
range, net f luxes of Ca , F ^ = F, - F -, come to 210 + l8(W-10) nmol/h for 3
 ' ' ne t fw wf ' 
FW t i l a p i a and to 1040 + 58(W-10) nmol/h for LFW t i l a p i a . 
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2+ Extrabranchial Ca -efflux ratea 
As shown in F i g . l b , t racer loss from the body, a l though an exponent ia l p rocess, 
can be s a t i s f a c t o r i l y analyzed by l i nea r regress ion ana l ys i s of the data obta ined 
between 2*» and 100 h. On the basis o f t r ace r losses dur ing t h i s per iod and plasma 
^•7 2+ 
'Ca s p e c i f i c a c t i v i t y a t 62 h (halfway through t h i s per iod) t o t a l Ca - e f f l u x 
ra tes were c a l c u l a t e d . In a previous paper i t was shown t h a t plasma t r ace r con-
t en t s over t h i s per iod decreased l i n e a r l y and concu r ren t l y w i t h t o t a l body t r a c e r 
contents ( F l i k et al., 1984d). For FW t i l a p i a the measured t o t a l e f f l u x ra te of 
Ca2"1" was 208 ± 71 nmol/h (n=5; W-H4.3 ± 0.8 g ) . The c a l c u l a t e d b ranch ia l e f f l u x 
ra te of Ca , c a l c u l a t e d according to F , - 30W nmo l /h , was 179 ± 10 nmo l /h . 
For LFW t i l a p i a measured t o t a l e f f l u x ra te of Ca was 557 * '•S nmol/h (W=l8.2 
2.1 g ) . This l a s t value is s i g n i f i c a n t l y h igher (P < 0.02) than the measured 
2+ branch ia l Ca - e f f l u x ra te which came to 383 ± 67 nmol/h (W=l8.5 ± 3.2 g ) . E x t r a -2+ branch ia l e f f l u x ra tes of Ca c a l c u l a t e d as the d i f f e r e n c e in mean t o t a l and 
branch ia l e f f l u x r a t e s , come to 29 nmol/h f o r FW t i l a p i a and to I78 nmol/h f o r LFW 
2+ t i l a p i a , or ik% and 3 U o f the t o t a l Ca - e f f l u x , r e s p e c t i v e l y . For these c a l c u -
Í17 
l a t i o n s i t was assumed tha t the s p e c i f i c a c t i v i t y of the 'Ca l o s t f rom the body 
47 
equa l led the plasma- Ca s p e c i f i c a c t i v i t y . 
Tissue-Ca analyses 
As shown in Table I , LFW-t i lap ia showed a s l i g h t l y , but s i g n i f i c a n t l y h igher 
plasma t o t a l Ca leve l than FW t i l a p i a . 
In LFW t i l a p i a the bone Ca-content was s i g n i f i c a n t l y lower than in FW t i l a p i a , in 
a l l three types of bones. This d i f f e rence was more pronounced in the s k e l e t a l bone 
( ve r teb rae ; 13%) and scalar bone (11.4%) than in the dermal bone (operculum; 6.7%). 
Ca-content of muscle on dry-weight bas is d i d not d i f f e r s i g n i f i c a n t l y between the 
two groups of f i s h . 
Tissue t r a c e r contents were determined a t the complet ion of the e f f l u x e x p e r i -
ments, i . e . 80 ± 3 h a f t e r Ca - i n j e c t i o n . Re la t i ve s p e c i f i c a c t i v i t i e s (SA ) 
f o r ve r teb rae , opercula and scales were s i g n i f i c a n t l y h igher in LFW t i l a p i a than 
in FW t i l a p i a (Table l ) . This d i f f e r e n c e in SA -va lue was most pronounced in 
scales (1^2%) and amounted to 107% and 108% in ver tebrae and ope rcu la , r espec t i ve -
l y . SA -va lues f o r muscle d id not d i f f e r between the two groups and were not s i g -
n i f i c a n t l y d i f f e r e n t from plasma SA-values. 
105 
Table I. Ca content and r e l a t i v e Ca content (SA ) of several tissues of FW and 
LFW t i l a p i a , determined 80 ± 3 h a f t e r tracer i n j e c t i o n . 
Ca-content of muscle and bony tissues are compared on dry-weight basis. Values 
for the r e l a t i v e tracer content of the tissues are expressed as tissues Ca 
specif ic a c t i v i t y (SA ) r e l a t i v e to plasma Ca specif ic a c t i v i t y (SA ) . Mean 
values ± S.E. are given for 7 FW and 12 LFW t i l a p i a . 
SA (100 χ SA /SA ) 
С î 2 
Fish: FW LFW FW LFW 
Tissue : 
Plasma 2.77 ± 0.22 2.99 ± 0.13§ 100 100 
Muscle (12 ±6).ΙΟ - 3 (ΐ3±5).1θ" 3 94.7*25.5 94.8 ± 33.3 
Bone: 
Vertebrae 5.40 ± 0.41 4.70 ± 0.48^+'1'^ 6.7 ± 2.0 I3.9 ± 5 . 6 ^ 
Operculum 6.83 ±0.31 6.37 ± 0.36^+++^ 5.8 ± 1.2 12.1 ± 4.4^t+^ 
Scales 5-36 ± 0.25 4.75 ± 0.43*++* 8.6 ± 1.7 20.8 ± 5.6(+* 
t ) Ρ < 0.001 t t ) Ρ < 0.01 t t t ) Ρ < 0.02 § Expressed in mM 
Table I I presents the r e s u l t s obtained for 4 f i s h adapted to e i t h e r FW or LFW 
and whose t o t a l s k e l e t a l , dermal and scalar bone were c o l l e c t e d to determine the 
r e l a t i v e sizes of these "subpools" of bone. The sizes of these subpools presented 
as a percentage of the t o t a l bone-Ca pool (Q, ) were not s i g n i f i c a n t l y d i f f e r e n t 
between the two samples of f i s h . Neither was a difference observed with respect to 
Q. , expressed per body wet-weight. 
Table II. Comparison of Ca-containing compartments in t i l a p i a acclimated for 12 
weeks to FW and LFW conditions. 
The t o t a l amount of the skeletal bone compartment (Q . . ) , of the dermal bone 
compartment ( 0 , ) , of the scalar bone compartment (Q , ) , of the t o t a l bone 
de rm sea I 
compartment (Q, = Q , . + Q. + Q . ) , of the soft tissue compartment 
bone skel derm s e a l ' r 
(Q - ) and of the complete f i s h (Q, = Q. + QçQfjX are expressed in mmol Ca. 
Bone Ca-content on dry-weight basis (Q. /W. ) is expressed in mmol/g. 
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Total bone mass is presented as the total bone dry weight relative to the body 
weight of the fish (W. /(10 W,)). In all cases mean values ± S.E. concern ¡t fish. 
FW tilapia LFW tilapia 
(W = 12.1 ± 1.2 g) (W = 15-3 ± 1.8 g) 
Compartment s ize : 
Ca-content : 
Re la t i ve bone mass: 
^skel 
derm 
^scal 
^ s o f t 
Tjone 
<if 
тюпе bone 
" b o n e ^ 1 0 " 2 ^ 
1.56 ± 0.14 (41.3*) 
1.31 ± 0.25 (34.8*) 
0.90 ± 0.13 (23.9*) 
0.24 ± 0.04 ( 5-9^) 
3.76 ± 0.49 ( 9 4 . 1 § ) 
4.00 
5.75 ± 0.02 
5.38 ± 0.15 
1.87 ± 0.03 (40.3*) 
1.62 ± 0.12 (35.1") 
1.14 ± 0.11 (24.6*) 
0.27 ± 0.05 ( 5 . 6 § ) 
4.63 ± 0.14 ( 9 4 . 4 5 ) 
4.90 
5.22 ± 0 . 0 5 + 
5.85 ± 0 . 2 5 + + 
% of Q. ; §: % of Q,- . ; t : Ρ < 0 . 0 0 1 ; t t : Ρ < 0.02 
тюпе f ι sh 
Tota l bone mass however, expressed as bone dry-weight per body w e t - w e i g h t , was 
s i g n i f i c a n t l y h igher in LFVJ than in FW t i l a p i a (P < 0 . 0 2 ) . The t o t a l bone Ca-con-
t e n t d i f f e r e d s i g n i f i c a n t l y between FW and LFW t i l a p i a , averaging 5·75 ± 0.02 
nvnol/g f o r FW f i s h and 5.22 ± 0.05 nmol/g f o r LFW f i s h (P < 0 . 0 0 1 ) . For FW t i l a ­
p ia the d i f f e r e n c e between t o t a l body Ca ( c a l c u l a t e d as Q.f » 357.5W = 3.98 ± 
О.38 mmol Ca) and Q, (= 3.76 ± 0.49 mmol Ca) y i e l d s the s o f t - t i s s u e Ca-pool 
uone 
(Q
 f t = 0.22 mmol Ca), the l a t t e r being 5.42% of Q-. This value f o r Q , d i d 
not d i f f e r s i g n i f i c a n t l y from measured values f o r the s o f t t i s s u e compartment of 
0.24 ± 0.04 mmol Ca, which is 5.9$ of Q,. For LFW t i l a p i a Q, can be c a l c u l a t e d 
then on the b a s i s of t i s s u e Ca-contents and the r e l a t i v e s izes of the r e s p e c t i v e 
subpools presented in Table I I . 
Calcium accumulation in tilapia acclimated to FW от LFW 
Table I I I presents data on growth and Ca accumulat ion in t i l a p i a a c c l i m a t e d t o 
FW or LFW. Three groups are c o n s i d e r e d : one FW-group and two d i f f e r e n t groups of 
f i s h t h a t were a c c l i m a t e d to LFW c o n d i t i o n s . In a l l t h r e e cases s i g n i f i c a n t 
weight increase and accumulat ion of Ca in the body occurred d u r i n g the a c c l i m a ­
t i o n p e r i o d , as i n d i c a t e d by the increase in mean body weight and mean t o t a l f i s h 
c a l c i u m p o o l s . Mean body accumulat ion r a t e s of Ca c a l c u l a t e d as AQ^/At are 383 
107 
nmol/h Ca for FW fish and 616 and 510 nmol/h Ca for the two groups of LFW fish. 
Table III. Growth and Ca-accumulation in FW and LFW tilapia. 
W0 represents the body weight at the start of the acclimation period; mean 
values ± S.E. are given, ut refers to the duration of the acclimation period. 
ñW represents the mean increase in body weight per fish over the pertinent period. 
AQ, refers to the calculated increase in total body Ca per fish over the pertinent 
period. 
Fish η 
FW 7 
LFW 7 
LFW 5 
DISCUSSION 
W0 (g) 
19.95 ± 2.03 
19.40 ± 6.42 
24.10 ± 3.75 
ût (h) 
1464 
1944 
2424 
AW (g) 
1.82 
3.66 
3.60 
A<lf (mmol Ca) 
0.561 
1.197 
1.237 
Six major conclusions can be drawn from the data presented in this study. 
1. Tilapia well-adapted to a low-calcium medium showed a net uptake of Ca from 
the water as indicated by growth and accumulation of Ca in the body. 
2+ 
2 . Net branchial Ca - i n f l u x rates in these f ish increased more than f o u r - f o l d . 
2+ 
3. Both the branchial and extrabranchial Ca -e f f lux rates underwent s igni f icant 
increases during the acclimation process. 
4 . The low-calcium adapted t i l a p i a showed sl ight but s igni f icant hypercalcemia 
when compared with t i l a p i a in normal fresh water. 
5. The acclimation to low-calcium conditions was accompanied by a decrease in 
bone Ca-content. 
6 . F i n a l l y , the pool of readily exchangeable Ca in bone tissue of t i l a p i a w e l l -
adapted to low-calcium was s ign i f icant ly bigger than that in t i l a p i a from 
normal fresh water. 
2+ Ca -flux rates 
Ti lap ia acclimated to low-calcium conditions accumulate Ca in their body, which 
indicates that th is species is capable of establishing a posit ive Ca balance even 
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a f t e r a f o u r - f o l d r e d u c t i o n of the c a l c i u m in t h e i r env i ronment. I t has been shown, 
however, t h a t in t i l a p i a bone d e m i n e r a l i z a t i o n and loss of t o t a l body c a l c i u m take 
place in the f i r s t two weeks a f t e r t r a n s f e r r i n g them t o a low-calc ium environment 
(Wendelaar Bonga et al., 1984). This suggests t h a t the p o s i t i v e Ca b a l a n c e , which 
was e s t a b l i s h e d a f t e r ten weeks, was r e - e s t a b l i s h e d a f t e r a p e r i o d of n e g a t i v e Ca 
balance. A p p a r e n t l y , w i t h regard t o Ca metabolism the a c c l i m a t i o n t o LFU c o n d i t i o n s 
i s a r e l a t i v e l y slow process. Indeed, in t h r e e f i s h exposed f o r o n l y one week t o 
LFW, Ca - I n f l u x r a t e s were s t i l l roughly the same as those of FW t i l a p i a (un-
2+ 
publ ished r e s u l t ) . The quest ion a r i s i n g then i s : how do the Ca - f l u x r a t e s ob­
served in t i l a p i a compare to values r e p o r t e d in the l i t e r a t u r e f o r o t h e r species 
2+ by l i n e a r e x t r a p o l a t i o n t o f l u x e s per h per kg f i s h , i t t u r n s out t h a t the Ca 
f l u x rates In t i l a p i a are h i g h . The f o l l o w i n g i n f l u x r a t e s (umol/h.kg f i s h ) were 
c a l c u l a t e d . For t i l a p i a adapted t o FW and LFW: 28 and 116, r e s p e c t i v e l y ; f o r r a i n ­
bow t r o u t . Salmo даггапегг, and b u l l h e a d s , latalurus nebulosus, adapted t o ambient 
Ca-levels of О.О85 - 0.325 mM: 5 - 7.5 (Höbe et al., 1984); f o r the g o l d f i s h , 
Carassius auratus: 15 (Berg, 1968, 1970); f o r the k i l l ¡ f i s h , Fundulus heteroalitus: 
32.5 (Pang et al., I980) and 10 - 50 (Mayer-Gostan et al., 1983); and f o r Fundulus 
kansae: 27 (F leming, 1973). E f f l u x rates presented in t h i s way come t o 8.1 and 
15.7 f o r FW and LFW t i l a p i a , r e s p e c t i v e l y ; t o 5 - 7.5 f o r rainbow t r o u t and to 
2+ 1 - 5 f o r bu l lheads (Höbe et al., 1984). I n f l u x ra tes of Ca In FW t i l a p i a are 
of the same order on ly as the values f o r the two Fundulus-%vec ¡es. The values f o r 
LFW t i l a p i a exceed every value repor ted f o r d i r e c t l y measured f l u x ra tes in f i s h . 
2+ 2+ 
However, when comparing Ca - f l u x ra tes in t i l a p i a to Ca - f l u x ra tes repor ted 2+ f o r o ther species a comment must be made concern ing the p resen ta t i on of Ca 
f l uxes ra tes in the l i t e r a t u r e . To our knowledge i t has not been recognized be-
2+ fo re tha t Ca - f l u x ra tes in f i s h are not necessa r i l y d i r e c t l y r e l a t e d t o body 
we igh t . Hence, f l u x ra tes l i n e a r l y ex t rapo la ted t o f l u x e s per e . g . 0.1 or 1 kg 
f i s h may be m is l ead ing , e s p e c i a l l y when small f i s h are used. For example, when 
the proper r e l a t i o n s h i p s are observed (FI Ik et al., igS^d) net Ca - i n f l u x in a 
20-g t i l a p i a in FW is ca l cu la ted to F = F f = 558-162-396 nmo l /h , or = 13000-
1466 = І І534 nmol/h f o r a - h y p o t h e t i c a l - t i l a p i a of 1 k g . Values o b t a i n e d by 
l i n e a r e x t r a p o l a t i o n ( m u l t i p l y i n g by 50) would y i e l d F = 27900-8100 = I98OO 
nmol/h per kg t i l a p i a and overest imate t r u e f l u x r a t e s . 
The very h igh value f o r net i n f l u x r a t e s In LFW t i l a p i a t h a t we o b t a i n e d by 
2+ d i r e c t f l u x measurement compares w e l l w i t h an uptake r a t e of Ca from the water 
der ived from growth rates reported by I c h i i and Mugiya (1983) f o r r a p i d l y growing 
g o l d f i s h , fed a c a l c i u m d e f i c i e n t d i e t . The most important c o n c l u s i o n f rom our 
r e s u l t s is t h a t in t i l a p i a the b r a n c h i a l c a l c i u m uptake system has a great capa-
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city for adaptation and can supply almost all of the fish' calcium requirements and 
even can permit growth in relatively soft water. It is also evident from our results 
2+ that to assess uptake of Ca from the water by flux rate determination, both in-
2+ flux and efflux rates should be determined, as the magnitude and routes of Ca 
2+ 
movement depend on ambient Ca -concentrations: branchial and extrabranchial efflux 
rates as a percentage of total body efflux rates were estimated to represent 86% 
and 14% in FW tilapia and 63% and 3 Π in LFW tilapia. 
2+ 
As we have discussed before, integumental Ca -exchange may involve both trans-
2+ 
cellular and paracellular routes (Flik et al., 1984d). For transcel 1ular Ca -up-
2+ 
take in fish gills we recently proposed a model on the basis of our studies on Ca 
transporting ATPase in plasma membranes of branchial epithelium (Flik et al., 1983, 
2+ 
ІЭв^а). According to this model, Ca to be transported from the water to the blood 
enters the cell passively down an electrochemical gradient, Is buffered in the 
2+ 
cytosol by Ca -binding proteins and subsequently pumped to the blood by an active 
2+ Ca -transport mechanism. We suggest now that at least three events are involved 
2+ in the changes in integumental Ca -fluxes, when tilapia are acclimated to LFW. 
First, it has been demonstrated in tilapia that an inverse relationship exists 
2+ 
between ambient Ca and prolactin cell activity (Wendelaar Bonga et al., 1983, 
ІЭЗ^а), which implies that prolactin secretion is enhanced in the LFW tilapia. 
2+ 
Prolactin stimulates Ca -tracer influx in American eel gill arches (Ma Б Copp, 
(1981), stimulates transport Ca -ATPase activity in American eel gill plasma mem-
2+ branes (Flik et al., ISS^d) and stimulates uptake of Ca from the water in intact 
tilapia (Flik et al., ІЭ ^е). Therefore, the enhanced prolactin secretion that 
2+ 
occurs under LFW conditions may stimulate Ca -transport mechanisms in the bran-
2+ 
chial epithel ium and by so doing increase the Ca -transport capacity of the gills. 
2+ 
Such an adaptation, in concert with increased entry of Ca at the apical membranes 
2+ 
probably accounts for the observed increased transcel 1ular Ca -influx in the gills. 
Secondly, in LFW tilapia the chloride cell density is tripled, when compared to 
FW tilapia (unpublished results). We consider the chloride cells of the gills as 
2+ 
their Ca -transporting units (Flik et al., 1984a). Thus, an increase in chloride 
cell density in the branchial epithelium leads to an increase of transcel 1ular in­
flux capacity. 
2+ 
Thirdly, a decrease in ambient Ca causes enhanced permeability to monovalent 
ions (Dharmamba & Maetz, 1975) and osmotic water permeability (Wendelaar Bonga Б 
Van der Meij, 1981; Wendelaar Bonga et al., 1983) of tilapia gills as well as of 
the gills of Japanese eel, Anguilla japónica (Ogawa, ig?*»; Ogasaware 6 Hirano, 
1984a), Fundulus kansae (Potts ε Fleming, 1970), rainbow trout, Salmo gairdneri 
(Ogawa, 1974) and brown trout, Salmo trutta (Oduleye, 1975). Although no data are 
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2+ 
available in the literature on gill Ca -permeability, It is relevant to mention 
2+ 
that in chick gut the permeability to Ca of apical membranes is determined by 
2+ 
and negatively correlated with mucosal Ca -concentrations (Ebel 6 Guenther, I98O; 
Bikle et al., 19ΘΊ). If in tilapia similarly a decrease in ambient Ca would en-
2+ 
hance permeability to Ca of the apical plasma membranes of the branchial epi-
2+ 
thelium, this process would facilitate Ca -permeation at the apical membranes and 
2+ 
thus promote transcel 1ular Ca -influx rates in the gills. However, increase per­
meability may also lead to increased Ca-loss. Such loss has been described e.g. 
2+ for paracellular secretion of Ca in rat ileal epithelium (Nel lans ε Kimberg, 
2+ 
I978, I979). that is determined by and negatively correlated with luminal Ca 
concentrations. By analogy, low calcium concentrations in the ambient water of 
2+ 
tilapia would allow intercellular Ca to diffuse out of the animal. Thus, bran-
2+ 
chial efflux rates of Ca , following paracellular routes could be increased as 
2+ 
a result of lowered ambient Ca . The above mentioned increase in chloride cells 
2+ in LFW fish may, however, also contribute to an increase in Ca -efflux, since it 
implies extension of the paracellular flux route. Recently, Ogasawara and Mirano 
(1984b) reported for Anguilla japónica that gill permeability to water is posi-
tively correlated with the number of chloride cells in the gills and that the 
number of junctional complexes In the epithel i um пву determine its permeability 
to water. 
2+ Our results on increased uptake rates of Ca from the water in LFW tilapia 
contrast with the results of Berg (1968, 1970) on the goldfish adapted to low-
2+ 
ca lc ium w a t e r . He concluded t h a t b r a n c h i a l exchange r a t e s of Ca in t h i s species 
2+ 
are independent of ambient Ca - l e v e l s . Under low-calc ium c o n d i t i o n s i n t e s t i n a l 
2+ 
a b s o r p t i o n of Ca became more important r e l a t i v e t o b r a n c h i a l Ca - u p t a k e . 
A p p a r e n t l y , the g o l d f i s h a d j u s t s i t s I n t e s t i n a l c a l c i u m a b s o r p t i o n in stead o f 
2+ 
its branchial Ca -uptake, in a soft water environment. For two other species 
of freshwater fish, viz. bullheads and rainbow trout, it was reported that whole-
2+ 
body c a l c i u m exchange r a t e s were l a r g e l y independent of ambient Ca (Höbe et al., 
2+ 1984). However, a l t e r e d i n f l u x ra tes of Ca as an adapt ive response t o va ry ing 
2+ 
anbient Ca - l e v e l s have been repor ted e a r l i e r f o r Fundulus heteroalitus (Mayer-
Gostan et al., 1983)· Thus such adapt ive responses of the branch ia l ca lc ium up-
take system seem of wider occurrence. 
2+ The observat ion of increased ex t rab ranch ia l Ca - e f f l u x ra tes in LFW t i l a p i a 
reminds of our observat ions on increased ίηtegumental osmotic water p e r m e a b i l i t y 
2+ 
at low ambient Ca (Wendelaar Вonga & Van der Meij, I98I). Increased osmotic 
2+ 
water uptake or low ambient Ca may enhance urine production. Increased urine 
2+ 
production leads to extra Ca -loss from the body in American eels (Fenwick, I98I). 
Ill 
Hence, increased u r i n e p r o d u c t i o n as a response t o enhanced osmotic water uptake in 
2+ LFW t i l a p i a c o u l d e x p l a i n , a t l e a s t p a r t l y , the increase in e x t r a b r a n c h i a l Ca 
e f f l u x under these c o n d i t i o n s . 
Plasma Ca levels 
Our f i n d i n g of an e l e v a t e d plasma Ca content in t i l a p i a ten weeks a f t e r the s t a r t 
o f the f i s h e s ' a c c l i m a t i o n t o low-calc ium water c o n f i r m s a r e p o r t by Wendelaar Bonga 
et al. (1984). In view of the f a c t t h a t t i l a p i a f i v e days a f t e r t r a n s f e r r i n g the 
f i s h t o a low-calc ium environment show a s i g n i f i c a n t hypocalcemia (Wendelaar Bonga 
et al., 1984), i t appears t h a t in t h i s species "maintenance" of plasma Ca in s p i t e 
2+ 
of reduced ambient Ca i s preceeded by an i n i t i a l drop in plasma Ca. Most l i k e l y 
the above mentioned r e s t a u r a t i o n of plasma Ca-levels is mediated by an enhanced 
p r o d u c t i o n of the hormone p r o l a c t i n . Two arguments in f a v o r of t h i s presumption may 
2+ be mentioned. F i r s t , low ambient Ca s t i m u l a t e s endogenous p r o l a c t i n s e c r e t i o n in 
t i l a p i a (Wendelaar Bonga et al., 1984). Secondly, a d m i n i s t r a t i o n of p r o l a c t i n i n ­
duces hypercalcemia in several species of f reshwater t e l e o s t s : the s t i c k l e b a c k , 
Gastevosteus aculeatus, t i l a p i a and American e e l s (Wendelaar Bonga ε F l i k , 1982; 
F l ¡ к et al., 1984b). 
Internal Castores 
2+ Reducing ambient Ca - c o n c e n t r a t i o n s changed the amount of c a l c i u m in the s o f t 
t i s s u e compartment f rom 5-9% t o 5.6% of the t o t a l amount of Ca in the f i s h , a 
change which is not s t a t i s t i c a l l y s i g n i f i c a n t . Comparable values f o r the s o f t 
t i s s u e Ca compartment s ize of o t h e r f i s h under f r e s h w a t e r c o n d i t i o n s a r e : b% f o r 
the g o l d f i s h (Berg, 1968) and 3.2? f o r Fundulus kansae (Fleming et al., 1973). 
Muscle Ca-content in t i l a p i a seems not a f f e c t e d by changes in plasma C a - l e v e l s . 
The values f o r bone and muscle Ca-contents of t i l a p i a adapted t o FW are a p p r o x i ­
mately the same as those r e p o r t e d e a r l i e r (Wendelaar Bona ε F l i k , 1982; Wendelaar 
Bonga ε Lammers, I 9 8 2 ) . T i l a p i a kept in LFW showed decreased Ca contents of the 
major i n t e r n a l Ca s t o r e s . The f i s h used in the present study increased t h e i r 
t o t a l body c a l c i u m pool under LFW c o n d i t i o n s . However, bone c a l c i u m contents in 
these f i s h were lower than the l e v e l s observed in FW t i l a p i a . Thus, a l though 
2+ t i l a p i a increase the uptake of Ca from the water and r e - e s t a b l i s h a p o s i t i v e 
c a l c i u m balance under LFW c o n d i t i o n s , the degree of bone m i n e r a l i z a t i o n is main­
t a i n e d a t a lower l e v e l . The f a c t t h a t in LFW t i l a p i a a l s o phosphate-metabolism 
2+ may be a f f e c t e d by ambient Ca - l e v e l s c o u l d g ive a t l e a s t a p a r t i a l e x p l a n a t i o n 
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for this phenomenon. Mobilization of Ca from acellular bone has been reported for 
Fundulus kansae (Brehe 6 Fleming, 1976), goldfish and kill¡fish (Mugiya & Watabe, 
IS??), Lepomis rraaroahirus (Weis 6 Watabe, 1978), Tilapia maaroaephala (Weis 6 
Watabe, 1979) and for tilapia (Urasa et al., 1984). Both Weis and Watabe, and 
Urasa and coworkers came to the conclusion that the need for phosphate and not Ca 
was the primary trigger for bone demineralization. Rodgers (1984) reports for 
2+ brook trout, Salvelinus fontinalis, that low ambient Ca -levels impair absorption 
2+ 
of dietary Ca and that mobilization of bone minerals from scales and fins occurs 
under such conditions. An attractive possible explanation for the demineralizat¡on 
2+ 
of bone at low ambient Ca would be that calcium and phosphate resorption in the 
gut are inpaired, which urges the fish to mobilize bone mineral (or limit bone 
mineralization, or both) to provide for its phosphate requirements. The capacity 
to specifically mobilize calcium-phosphate but not calcium-carbonate reported for 
Lepomis macrochirus after estrogen treatment (Weis & Watabe, 1978) supports this 
hypothes is. 
The degree of démineraiizat¡on was higher in vertebral and scalar bone than in 
opercular bone. This can be related to two differences in histophysiology of these 
bones. First, vertebrae and scales are a cancellous, less dense type of bone than 
the opercular bone (Moss, 1963; Lanzing, 1976). In those cases where shifts in 
2+ 
physico-chemical Ca -exchange processes a t the bone surface c o n s t i t u t e the bas is 2+ 
o f bone r e s o r p t i o n , Ca - m o b i l i z a t i o n occurs more i n t e n s i l y in the less dense 
type of bone (Amprino, 1952a, 1952b). Secondly, Rowland (I966) has shown tha t 
bone s t r uc tu res w i t h the grea tes t exposure to c i r c u l a t i n g f l u i d s are the pr imary 
2+ 
s i t e s f o r Ca -exchange processes between blood and bone. Vogel (I982) has shown 
tha t the scales of t i l a p i a are very we l l prov ided w i t h the s o - c a l l e d secondary 
vessel system. This system tha t branches o f f f rom the primary blood vessels in 
the sk in cover ing the sca les , cou ld a l l ow f o r an e f f i c i e n t exchange of minera ls 
a t the surface of the bone. 
The SA -va lues determined f o r the var ious t i ssues g ive an i n d i c a t i o n of the 
r e a d i l y exchangeable Ca-pool of these t i s s u e s . Four days a f t e r i n j e c t i o n of the 
t r a c e r , SA -va lues f o r muscle approximated the value 100, which means tha t t h i s 
t i ssue exchanged i t s Ca ra ther r a p i d l y and complete ly w i t h the plasma. Brehe and 
Fleming (1976) came t o the same conc lus ion fo r the Ca-exchange ra te of the s o f t 
t i ssue compartment of Fundulus kansae. SA -va lues f o r bones in FW t i l a p i a ranged 
from 5·83% (operculum) to 8.61% ( sca l es ) . These values f u r t h e r p a r a l l e l the 
values f o r bone Ca-content , which cor robora tes the t hes i s t ha t the bone d e n s i t y , 
a t least p a r t l y , determines the s ize of the exchangeable p o o l . Assuming tha t fou r 
days a f t e r t r a c e r - i n j e c t i o n bone SA -values represent the percentage r e a d i l y ex -
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changeable Ca of the bone, we can c a l c u l a t e tha t the r e a d i l y exchangeable Ca f o r FW 
and LFW t i l a p i a is 12% and 19%, r e s p e c t i v e l y . In FW t i l a p i a the so f t t i ssue compart-
ment and t o t a l bone compartment prov ide f o r ¡iJZ and 53%, r e s p e c t i v e l y , o f the r e a d i -
l y exchangeable Ca, and in LFW t i l a p i a these f i g u r e s come t o 27% and 73%, respec-
t i v e l y . Apparen t l y , in LFW f i s h the bone provides f o r an important enlarged r e a d i l y -
exchangeable Ca-pool . This increase in readi ly-exchangeable Ca in the body of LFW 
t i l a p i a may f u l f i l a ca l c i um-bu f f e r f unc t i on under cond i t i ons of increased whole 
body tu rnover . 
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CHAPTER Vili 
SOME EFFECTS OF OVINE PROLACTIN ON Ca2+-UPTAKE AND DISTRIBUTION OF CALCIUM IN THE 
FRESHWATER CICHLID TELEOST FISH, OREOCHROMIS MOSSAMBICVS 
ABSTRACT 
Ovine prolactin stimulated the rate of uptake of calcium from the water, produ-
ced frank hypercalcemia, and increased total bone calcium content in fed, rapidly 
growing freshwater male tilapia, Oreoahromia mossambieus. It did not, however, 
alter the size of the readily exchangeable bone calcium pool. The increase in cal-
cium accumulation resulted primarily from an increase in branchial calcium influx, 
but also from a decrease in calcium efflux. It is concluded that prolactin exerts 
an important control over calcium exchange between freshwater teleostsand their 
environment and that by so doing this hormone facilitates indirectly bone mine-
ral i zat ion. 
INTRODUCTION 
Prolactin functions as a hypercalcémie hormone in teleost fish. Injection of 
mammalian prolactin induces frank hypercalcemia in tilapia, sticklebacks, rain-
bow trout, goldfish and American and European eel (Wendelaar Bonga i Flik, 1982; 
Wendelaar Bonga et al., ІЭв^а). Conversely, hypophysectorni zed killifish become 
2+ 
hypocalcémie and exhibit tetanic seizures in Ca -deficient sea water; these dis-
turbances of the calcium metabolism are overcome either by supplying calcium to 
the water or treating the fish with exogenous prolactin (Pang et al., 1973, 1978). 
The effectiveness of endogenous prolactin is evident from the observation that 
ectopic transplants of homologous prolactin lobes into tilapia exert a hypercal-
cémie influence (Wendelaar Bonga S Flik, 1982). Moreover, in this last species an 
inverse relationship exists between levels of ambient calcium and prolactin cell 
activity (Wendelaar Bonga et al., 1983b). While these observations clearly 
suggest that prolactin has a hypercalcémie effect in teleost fish, the mechanisms 
involved in this hormone's action are still poorly understood. 
It is well-established that fish have a remarkable capacity to extract calcium 
directly from their surrounding aqueous environment (Simkiss, 197'»)· Indeed, it 
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has been estimated that at least 80% of the calcium that is accumulated during 
growth in tilapia and goldfish is obtained from the water (Flik et al., ІЭв^с; 
Berg, 1968, 197О; Mugiya 6 Ichii, I98I; Ich! i Б Mugiya, 198З). The bulk of this 
uptake probably takes place via the chloride cells located in the branchial epi­
thelium (Pang et al., I98O; Payan et al., I98I; Dunel-Erb et al., 1983; Flik et 
al., 1984d). It seems reasonable then to predict that branchial calcium uptake 
is an important element in the mechanism of calcium homeostasis in fish, that it 
must be under some control, and that at least part of this control is mediated 
by prolactin. This prediction is supported by the observation that ovine prolactin 
2+ 
stimulates the high-affinity Ca -ATPase activity in America! eel branchial epi­
thelial plasma membranes (Flik et al., ІЭв^Ь), and that prolactin synthesis is 
stimulated in tilapia exposed to low ambient levels of calcium (Wendelaar Bonga 
et al., 1984b). Also relevant is that exposure to low ambient calcium levels sti­
mulates calcium uptake in the kill¡fish, Fundulus heteroalitus (Mayer-Gostan et 
al., 1983), in tilapia (Flik et al., 1984d) and in rainbow trout (S.F. Perry, 
personal communication). It should be pointed out, however, that concerning this 
last effect of low ambient calcium levels there are deviating observations, viz. 
the results of Höbe et αΖ.(1984), who reported that calcium influx in rainbow 
trout and bullheads (Ictalurus nebulosus) was largely independent of ambient cal­
cium levels. 
The present study was undertaken to investigate the effects of prolactin on 
the kinetics of calcium exchange in growing, actively feeding tilapia. The hypo­
thesis was that prolactin treatment would enhance net calcium uptake in these 
fish and that the treated fish would be able to deposit Ca in their bone more 
efficaciously. We analyzed the effect of ovine prolactin on both influx and efflux 
of calcium in freshwater male tilapia. In addition, the internal distribution of 
2+ 
the Ca taken up was traced in order to determine the effect of prolactin on 
calcium compartmentali zat¡on in the fish and to obtain an estimate of the readily-
exchangeable calcium pools. 
MATERIALS AND METHODS 
Male tilapia, Oreochronris mossanbiaus, were obtained from laboratory stock, 
kept at 280C in Nijmegen tap water under conditions as described earlier (Flik et 
al., 1984c). The calcium concentration in the water was 0.8 mM in all cases. The 
fish were fed and continued to grow throughout the experiments. 
All chemicals used were purchased from Sigma and were reagent grade. Ovine 
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prolactin (specific activity 31.5 lU/mg protein) was a generous gift of the National 
Institutes of Health (Hormonal Division, Endocrinological Department) Bethesda, 
USA. The radiotracers Ca and Ca were purchased (Amersham International pic, 
U.K.) as CaCl, in aqueous solution. Specific activities were 9.25-37.5 GBq/mol Ca 
i,C ¡if 
and >0.7'» GBq/mol Ca fo r JCa and 'Ca, r e s p e c t i v e l y . 
Ca determinations 
Plasma t o t a l Ca was determined by atomic absorp t ion spectrophotometry or by the 
use of a commercial Ca k i t (Sigma) as descr ibed p rev ious l y ( F l i k et al., 1984c). 
Tissue t o t a l Ca contents were est imated using a thymol -b lue c o l o r i m e t r i e method 
(Gindler Б K i n g , 1972), a f t e r d i g e s t i n g the t i s s u e in c o n c e n t r a t e d HNO3. Radio­
t r a c e r a c t i v i t i e s were determined w i t h a gamma-ray spectrophotometer O'Ca) or by 
l i q u i d s c i n t i l l a t i o n count ing ( Ca). 
2+ Ca -flux determinations 
2+ U n i d i r e c t i o n a l Ca - f l u x e s between i n t a c t f i s h and the water were determined 
2+ 
and c a l c u l a t e d as descr ibed in d e t a i l e a r l i e r ( F l i k et al., І Э в ^ с ) . Tota l Ca -
i n f l u x r a t e s were c a l c u l a t e d from the slopes of a p p a r e n t l y l i n e a r whole-body 
i»? 2+ 
Ca -accumulat ion curves and the water s p e c i f i c a c t i v i t y us ing a whole-body 
2+ 
counter ( F i g . 2 a ) . Both t o t a l and b r a n c h i a l e f f l u x r a t e s of Ca from the f i s h 
were determined. T o t a l e f f l u x r a t e s were c a l c u l a t e d on the bas is of a p p a r e n t l y 
47 2+ 
constant whole-body Ca l o s s e s , using plasma Ca s p e c i f i c a c t i v i t i e s ( F i g . 2 b ) . 
2+ Branchial e f f l u x r a t e s of Ca were determined f o u r days a f t e r i n t r a p e r i t o n e a l 
45 2+ 
injection of Ca on the basis of apparently linear curves for tracer appearance 
45 in the water and plasma Ca specific activities. In the latter type of efflux 
determinations the fish were not fed for one day prior to the experiment and the 
urinary bladder was emptied just prior to the experiment to exclude urinary and 
intestinal calcium excretion during the flux measurements (Flik et al., 1984c). 
To assess whether the injection procedure affected the flux rates, measured flux 
rates in the control fish were compared with calculated flux rates for the same 
fish on the basis of the relationships for flux rates and body weight reported 
earlier (Flik et al., 1984c); these were: influx, F f w = 50W
0 5
 nmol/h C a 2 + and 
efflux, F f - S O W 0 , 5 6 3 nmol/h Ca 2 +. 
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Hormone adminisvration 
Prolactin was dissolved in 50 mM HCl and was injected ¡ntraperitoneally with a 
® 
26-gauge needle fixed to a Hamilton precision syringe. The dosage was 0.3 IU/g 
fish per Ί8 h; the injected volume was 50 yl maximally. Control fish received 
2+ 
equal volumes of solvent only. Injections were given at fixed intervals. Ca -flux 
determinations were performed after a minimum of 3 hormone injections and always 
45 2+ 
in the mornings of the day following the last injection. In the Ca -efflux ex­
periments the second injection consisted of a single combined injection of pro­
lactin and tracer. The experimental protocol for the different experiments is 
presented in Fig. 1. 
Calculations, statistica and notations 
To compare flux rates of groups of fish with significantly different body 
weights (W.) individual flux rates were converted to flux rates related to the 
mean body weight of the pertinent groups (W ), taking into account the power re-
m i 
l a t i o n s for the respective f luxes and the body weights: F(W.) = aW. -»• F(W ) = 
a w j 1 - F(W.).(W / W . ) 6 . m i m i 
Student's t - t e s t for unpaired observations was applied to assess s t a t i s t i c a l 
signif icance of differences between mean values. A P-value of £0.05 was taken 
as s i g n i f i c a n t . Linear regression analysis was performed according to the l e a s t -
squares method. The symbols, d e f i n i t i o n s and units were taken from Shipley and 
Clark (1972). 
RESULTS 
Tracer uptake and tracer retention 
As shown in Fig. 2a, tracer uptake Is s i g n i f i c a n t l y stimulated in p r o l a c t i n 
treated f i s h . Ca-retention (F ig. 2b) a f t e r tracer loading from the water, was 
not a f f e c t e d by p r o l a c t i n treatment. 
2+ 
Ca -fluxes 
7+ (Table I). Prolactin treatment significantly increased Ca -influx with 38%. 
2+ 
Measured influx rates of Ca in the control group did not differ significantly 
2+ from calculated Ca -influx rates, which indicates that the handling and injec-
2+ tion procedure did not affect influx rate. Branchial Ca -efflux rates were 33% 
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Figure 1. Protocol of the experiments. 
2+ 
A. Determination of Ca -influx; three intraperitoneal injections of prolactin or 
47 2+ 
solvent were given on alternate days (arrows); at 1=0, fish were exposed to Ca 
containing water for 3 h (dark bar) and the uptake was determined. 
Ί7 2+ Ul 2+ 
B. Ca -exposure and tissue analyses; fish were exposed for 72 h to Ca -con­
taining water (dark bar) ; the last of the three hormone or solvent injections were 
hi 2+ given Ik h after the start of exposure to 'Ca ; tissue analyses were made at t=72 h. 
2+ 
C. Determination of branchial Ca -efflux and tissue analyses; the injection regimen 
as indicated in A was followd; the second injection consisted of a cocktail of hor-
45 2+ 
mone (or solvent) and Ca (*); efflux determination lasted for 6-8 h and was 
started at t=0 (open bar); samples for tissue analyses were taken at 80 ± 3 h after 
tracer injection. 
2+ 
D. Determinat ion of t o t a l Ca - e f f l u x ; f i s h were loaded w i t h t r a c e r by 72-h exposure 
t o Ca - c o n t a i n i n g water (dark b a r ) ; f i v e hormone i n j e c t i o n s were g i v e n : two p r i o r 
t o and one d u r i n g t r a c e r l o a d i n g , one a t the s t a r t of " u n l o a d i n g " and one Ί8 h 
a f t e r w a r d s ; e f f l u x r a t e s were c a l c u l a t e d on the basis of whole-body t r a c e r loss 
d u r i n g unloading (open b a r ) ( F i g . 2b) and plasma Ca s p e c i f i c a c t i v i t i e s . 
Ca * influx 
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A 7 2+ 
Figure 2. (a) Whole-body Ca -uptake from the water in p r o l a c t i n - and s o l v e n t -
t r e a t e d t i l a p i a kept in f r e s h w a t e r . Whole-body t r a c e r c o n t e n t is presented as a 
f r a c t i o n of the water t o t a l t r a c e r content a t t = 0 . Mean values f o r 9 f i s h ± S.E. 
are g i v e n ; * ? < 0 . 0 5 . (b) Whole-body t r a c e r r e t e n t i o n in p r o l a c t i n and so lvent 
t r e a t e d t i l a p i a a f t e r t r a c e r - l o a d i n g from the water . Whole-body t r a c e r c o n t e n t 
a t t ime t ' is expressed as a f r a c t i o n of the t o t a l amount of t r a c e r in the body 
2+ 
a t t i ( t l » t 7 , of F i g . l a ) . Whole-body Ca - e f f l u x r a t e s were c a l c u l a t e d from the 
Ί 7 i n t e r p o l a t e d mean plasma Ca s p e c i f i c a c t i v i t i e s a t 62 h and the whole-body t r a c e r 
loss over the t ime p e r i o d t ' » 52 - 72 h. Of each exper imenta l group k f i s h were 
k i l l e d a t t ' = 52 h and 5 f i s h a t t ' = 72 h. 
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lower in the prolactin treated fish than in the control fish. Branchial efflux 
rates in the control fish did not differ significantly from calculated efflux rates 
in these fish, which we have taken as evidence that the procedure itself did not 
2+ 
noticeably influence the flux rates. Total body efflux rates of Ca were reduced 
by 55% in prolactin treated fish. On a percentage basis then, the average net up-
2+ 
take rate of Ca from the water, F
 t = F r - F ,, is increased by 38 - (-39) = 
' net fw wf' ol 
77%. If we consider the effect of prolactin on the net uptake of Ca from the 
water as the difference between its effect on influx (F, ) and that on total efflux 
2+ (F
w ) :(t)), the overall effect comes to 38 - (-55) • 93% increased net uptake of Ca 
in prolactin treated tilapia. In all cases the prolactin treated groups of tilapia 
showed significant increases In plasma Ca (Table I and III). 
2+ 
Table I . E f f e c t s o f ovine p r o l a c t i n on Ca - f l u x r a t e s in f r e s h w a t e r t i l a p i a 
Body w e i g h t s , plasma Ca and f l u x rates are given f o r t h r e e experiments (A, B, C) 
f o r the d e t e r m i n a t i o n of whole-body i n f l u x r a t e s , b r a n c h i a l e f f l u x r a t e s and t o t a l 
e f f l u x r a t e s , r e s p e c t i v e l y . Measured f l u x r a t e s in c o n t r o l f i s h were compared w i t h 
c a l c u l a t e d f l u x r a t e s , which are represented by the values in parentheses. Mean 
values ± S.E. are g i v e n , w i t h n=9, n=10 and n=9 f o r А, В and С r e s p e c t i v e l y . 
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A: Whole-body Ca - i n f l u x r a t e s 
Fish weight (g) 
I n f l u x , F f w (n 
Plasma Ca (mM) 
 (nmol/h) 
Control s P r o l a c t i n - t r e a t e d ^Change Ρ 
10.7 ± 1.29 10.7 ± 1.29 
411 ± 128 (337 ± '•I) 517 ± ΙΊΘ 
2.82 ± 0.17 3.15 ± 0.18 
n . s . 
+38 0.05 
+12 0.001 
2+ B: Integumental Ca - e f f l u x r a t e s 
Fish weight (g) 
E f f l u x , F
 f (nmol/h) 
Plasma Ca (mM) 
Control s 
13.21± 0.20 
149 ± 49 
2.85 ± 0.13 
P r o l a c t i n - t r e a t e d %Change Ρ 
13.19± 0.25 
92 ± 44 
3.16 ± 0.12 
n . s . 
-39 0.02 
+11 0.001 
2+ C: T o t a l Ca - e f f l u x r a t e s 
Fish we i g h t (g) 
E f f l u x , F w f ( t ) 
Plasma Ca (mM) 
w f  (nmol/h) 
Control s 
10.57± 1.25 
178 ± 5 4 
2.89 ± 0.14 
P r o l a c t i n - t r e a t e d ^Change Ρ 
11.33± 1.32 
115 ± 16 
3.11 ± 0.11 
n.s. 
-55 0.01 
+ 8 0.001 
Tissue Ca analyses 
(Table I I and I I I ) . P r o l a c t i n treatment s i g n i f i c a n t l y increased Ca s p e c i f i c 
47 a c t i v i t i e s of v e r t e b r a l and scalar bone, but plasma Ca s p e c i f i c a c t i v i t i e s of 
p r o l a c t i n t r e a t e d f i s h , a l t h o u g h somewhat higher were not s i g n i f i c a n t l y d i f f e r e n t 
from those of c o n t r o l f i s h (values were: 354 ± 49 and 385 ± 52 cpm/umol Ca f o r 
c o n t r o l s and p r o l a c t i n t r e a t e d f i s h , r e s p e c t i v e l y ) . SA -values f o r ver tebrae and 
scales in p r o l a c t i n t r e a t e d f i s h increased bv M% and 19%. r e s p e c t i v e l y . 
Table I I I l i s t s the e f f e c t s of p r o l a c t i n treatment on the Ca content and the 
45 r e l a t i v e Ca s p e c i f i c a c t i v i t i e s of plasma and the t h r e e bony compartment. The 
SA - v a l u e s , r e p r e s e n t i n g the r e a d i l y exchangeable Ca-pool of the t i s s u e , were 
not a f f e c t e d by p r o l a c t i n t r e a t m e n t . However, s k e l e t a l , dermal and sca lar bone 
showed s i g n i f i c a n t increases in Ca-content in the p r o l a c t i n t r e a t e d f i s h . 
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Table IJ. Effects of ovine prolactin on tissue Ca specific activity after 72 h 
47 2+ 
exposure of fish to Ca -containing water. 
SA -values (SA = 100 χ SA /SA ) represent tissue specific activities (SA ) 
relative to plasma specific activities (SA ). Mean values for five fish are given 
± S.E. 
SA 
г 
C o n t r o l s P r o l a c t i n - t r e a t e d ^Change Ρ 
Plasma 100 100 - n.s. 
Vertebrae 6.37 ± 0.37 7.45 * 0.38 17 0.02 
Scales 7.38 ± 0.47 8.80 ± 0.41 19 0.01 
Table I I I . E f f e c t s of ovine p r o l a c t i n on t i s s u e Ca c o n t e n t s and SA - v a l u e s . 
Plasma Ca is expressed in mM. Bone t i s s u e Ca contents is expressed in mmol/g 
dry weight t i s s u e . Mean values f o r 10 f i s h ± S.E. are g i v e n . 
Ca-con t e n t SA 
C o n t r o l s P r o l a c t i n - t r e a t e d C o n t r o l s P r o l a c t i n - t r e a t e d 
Plasma 2.85 ± 0.13 3-16 ± 0 . 1 2 + 100 100 
Vertebrae 5.20 ± 0.69 5.83 ± 0 . 6 9 + + + 16.9 ± 9-9 18.6 ± 11.8 
Operculum 5.93 ± 0.37 6.75 ± 0 . 8 3 + + 16.2 ± 7.1 16.9 ± 9-1 
Scales 4.83 ± 0.38 5.41 ± 0 . 6 6 + 26.9 ± 7 - 6 24.2 ± 1 1 . 7 
t : Ρ < 0 . 0 0 1 ; t t : Ρ < 0.02; t t t : Ρ < 0.05 
DISCUSSION 
Prolaatin-induaed hypercalaemia 
Ovine prolactin produced a state of frank hypercalcemia in fresh water adapted 
tilapia. This confirms earlier reports concerning tilapia (Wendelaar Bonga ε Flik, 
1982) and other teleosts as sticklebacks, Gasterosteus aauleatus (Wendelaar Bonga 
& Flik, 1982; Wendelaar Bonga 6 Greven, 1978), American eels, Anguilla rostrata 
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(Copp et al., 198I; Flik et al., ІЭвАЬ), rainbow trout, Salmo gairdneri (Ma ε Copp, 
198Ι) and the kill¡fish, Fundulus heteroalitus (Pang et al., I98I). We believe that 
the observed effect was a physiological rather than a pharmacological response to 
prolactin, because the fish used in the present study were held in water with a 
calcium concentration of 0.8 mM at which concentration the endogenous production 
of prolactin is submaximal (Wendelaar Bonga et al., 1984b). Also, in tilapia kept 
under identical conditions, homologous prolactin can cause hypercalcemia, as 
judged by the effect of ectopically implanted prolactin lobes (Wendelaar Bonga et 
al., 1984a). We conclude, therefore, that prolactin is a naturally occurring hyper-
calcémie hormone in teleosts. As the degree of bone mineralization was also in-
2+ 
creased, the prolactin induced stimulation of Ca -influx coupled with the reduced 
2+ Ca -efflux caused this hypercalcemia. 
2-/· 
Prolactin and Ca -fluxes 
2+ 
Our measurements o f Ca - i n f l u x represent whole-body i n f l u x . However, we advan-
ced arguments tha t the bu lk of t o t a l i n f l u x takes place across the g i l l s ( F l i k et 
al., 1984c) and t h a t , t h e r e f o r e , in f reshwater t i l a p i a whole-body i n f l u x ra tes in 
f a c t can be equated w i t h b ranch ia l i n f l u x r a tes . The data presented in t h i s paper 
g ive f u r t h e r evidence f o r t h i s t h e s i s . The p r o l a c t i n induced hypercalcemia in 
2+ 
freshwater tilapia is accompanied by a stimulation of Ca -influx. This observa-
tion corroborates our report on prolactin induced hypercalcemia in freshwater 
2+ 
American eels, that was accompanied by a stimulation of high-affinity Ca -ATPase 
activity in the gills (Flik et al., 1984b). A similar enzyme activity was demon-
strated in the gills of tilapia, and, moreover, this enzyme activity was shown 
2+ 
to be directly related to active Ca -transport in gill plasma membranes (Flik et 
al., 1984e). It seems reasonable then to state that prolactin stimulates active 
2+ 
transport mechanisms in the gills and thereby promotes Ca -influx. We have repor-
2+ 
ted evidence that the branchial Ca -uptake mechanisms are located in the chloride 
cells (Flik et al., 1984d). Moreover, our unpublished measurements of chloride 
cell numbers in the branchial area show that after injection of ovine prolactin 
or after implantation of tilapia prolactin cell implants chloride cell densities 
are increased in these fish. Thus, the stimulatory action of prolactin on whole-
2+ body Ca -influx rates reported above, therefore, may have resulted from both a 
2+ 
p r o l a c t i n - i n d u c e d increase in Ca - t r a n s p o r t mechanisms in the ch l o r i de c e l l s and 
a p r o l i f e r a t i o n of the c h l o r i d e c e l l s in the g i l l s . Whether the s t imu la to ry e f f e c t 
2+ 
of p r o l a c t i n on branch ia l Ca -uptake mechanisms is d i r e c t or i n d i r e c t , e . g . 
through the ac t i on of s t e r o i d hormones, requi res f u r t h e r i n v e s t i g a t i o n . Fleming 
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and coworkers (1971) have given evidence that in Fundulus kansae prolactin stimu-
lates the production of Cortisol, the major mineralocorticoid in fish. It has been 
suggested that branchial chloride cell densities in tilapia are positively corre-
lated with circulating Cortisol levels (Foskett et al., I98I). 
2+ 
In fish residing in hypocalcic fresh waters, Ca -efflux will result from 
2+ passive diffusion of Ca over the integument and from urinary and intestinal out-
flow of Ca. As discussed earlier (Flik et al., 1984c), integumental Ca -efflux 
2+ 2+ 
essentially equals branchial efflux of Ca . Data on total body Ca -efflux and 
2+ 
integumental Ca -efflux, then, allow discrimination between branchial and extra-
branchial efflux rates. Branchial and total body efflux rates determined in the 
present study for control fish agree well with those reported previously for un-
treated tilapia kept under identical conditions (Flik et al., 1984b, 1984c). 
Prolactin treatment decreased total body and branchial efflux rates by 55% and 
39%, respectively. This implies that also the extrabranchial efflux routes are 
affected by prolactin treatment. The extrabranchial routes mainly concern intestine 
2+ 
and urinary tract. Our approach in determining Ca -efflux rates does not allow 
2+ 
any distinction between the contributions of these organs to Ca -transport. Both 
may be implicated, however, for it has been shown that prolactin exerts osmoregu-
latory effects not only on the gills but also on the intestine (Morley et al., 
I98I), kidney (Forster, 1975) and urinary bladder (Doñeen, I98I) of freshwater 
fish. From our data it may be concluded that, although the effects of prolactin 
2+ 
on Ca -fluxes may extend to extrabranchial sites, the gills certainly are the 
most important target for this hormone. 
2+ 2+ 
Our Ca -efflux data implicate that integumental permeability to Ca is re-
2+ 
duced by prolactin. That this permeability to Ca is determined by the consti-
tution and numbers of the paracellular pathways of the epithelium was concluded 
earlier (Flik et al., 1984c). In the same species the significance of the para-
cellular routes for permeability to ions was first shown for Na -efflux by 
Dharmamba ε Maetz (1972). Prolactin decreases branchial permeability to water and 
ions in tilapia (Dharmamba 6 Maetz, 1972; Wendelaar Bonga 6 Van der Msij, I98O, 
I98I), in freshwater Japanese as well as European eels (Ogawa, 1977; Ogasaware ε 
Hirano, 1984; Maetz et al., 1967a), the kill¡fish, Fundulus heteroalitus (Maetz 
et al., 1967b) and the green molly, Роеогіга latipinna (Ensor 6 Ball, I968). 
2+ 
We now suggest that the control of integumental permeability to Ca is the pivo­
tal event in prolactin action on hydromineral regulation, for it has been shown 
2+ 
earlier that the interrelationship between endogenous prolactin and ambient Ca 
underlies the control of branchial permeability to water and ions (Wendelaar Bonga 
ε Van der Meij, I98O, I98I; Ogasawara ε Hirano, 1984). 
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Prolaatin and internal ааіогіт reservoirs 
The hypercalcemia and increasing Ca-content of the bony tissues, following pro-
2+ 
lectin stimulated Ca -uptake in tilapia, shows that in this species plasma cal­
cium freely exchanges with the calcium in the bone and can be stored there. It was 
shown earlier that during acclimation to low-calcium water tilapia demineralizes 
its bone (Flik et al., ISS^d). From the present results it may be concluded that 
2+ 
"excess" Ca in the plasma leads to enhanced mineralization. Clearly then, the 
acellular bone of tilapia is intimately associated with calcium metabolism, acting 
2+ 
as an internal compartment which allows for storage as well as mobilization of Ca 
Although in this study no separate determination of free and protein-bound cal­
cium was carried out, it has been shown that in tilapia prolactin-induced hyper­
calcemia is accompanied by elevated levels of free calcium (Wendelaar Bonga et al., 
2+ 
І98З)· It does not seem to be too imprudent then to state that it was the free Ca 
in the blood, increased by the prolactin treatment, that was deposited into the 
bony tissues. This situation in tilapia resembles the calcium exchange process in 
otoliths of rainbow trout, reported by Mugiya (1984). Muglya showed that the degree 
of calcium deposition in these otoliths was positively correlated with total plasma 
calcium levels. From his in vitro studies he concluded that the calcium exchange 
2+ between the otoliths and the endolymph parallels the fluctuations in free Ca 
levels in the endolymph. 
In our study, the effect of prolactin on the bony tissue was restricted to an 
analysis of the bone Ca-contents.It is relevant to mention that is has earlier 
been demonstrated that prolactin treatment of tilapia does not affect the lining 
osteoblasts of its bone, at least judged on the basis of the ultrastructural fea­
tures of this tissue (Wendelaar Bonga ε Flik, 1982). The observed effect of pro­
lactin on the fish bone, therefore, seems indirect and is different from that 
exerted by growth hormone on bony tissue in mammals. In the latter case the hor­
mone stimulates the activity of the lining osteoblasts, which, in turn, results 
in growth of bone. However, that in fish also the lining cells are involved in 
controlling bone development is evident from studies concerning effects of other 
hormones. E.g. in tilapia calcitonin as well as 24,25-dihydroxyvitamin D, exert 
their effect on bone through activation of the lining cells (Wendelaar Bonga 6 
Lammers, 1982; Wendelaar Bonga et al., 1983a). 
The fact that the SA -values for bones in the controls and the prolactin trea­
ted tilapia are very similar indicates that the increase in bone calcium content 
is not noticeably accompanied by a relative increase in the readily-exchangeable 
Ca-pool of the bone. This then further supports our conclusion that true storage 
of Ca in the bones occurs, when tilapia are treated with prolactin. 
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In conc lus i on , the resu l t s presented in t h i s paper con f i rm tha t p r o l a c t i n i s a 
hypercalcémie hormone in f reshwater t e l e o s t s and show t h a t in t i l a p i a the hyper-
calcémie e f f e c t of p r o l a c t i n r e s u l t s from mainly a dual a c t i o n , v i z . s t i m u l a t i o n 
2+ 2+ 
of branch ia l Ca -uptake and reduct ion of integumental pe rmeab i l i t y to Ca . In 
t e r r e s t r i a l ve r teb ra tes calc ium homeostasis depends on the hypercalcémie p a r a t -
hornrane tha t s t imu la tes eel 1-mediated Ca- resorp t ion f rom the bone. In f i s h , c a l -
cium metabolism d i f f e r s e s s e n t i a l l y from tha t in l a n d - l i v i n g v e r t e b r a t e s , and i t 
seems tha t ca lc ium homeostasis depends on the governing hypercalcémie hormone in 
these aquat ic v e r t e b r a t e s : p r o l a c t i n . 
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CHAPTER IX 
GENERAL DISCUSSION 
It is well established now that freshwater fish show calcium homeostasis in the 
2+ body fluids and exhibit a remarkable capacity to extract Ca from the water. 
Also, it is generally accepted that the gills are the primary site for the uptake 
of calcium from the water. The purpose of the investigations presented in this 
thesis was to fill the gaps in our knowledge concerning the mechanisms underlying 
2+ 2+ 
the uptake of Ca from the water, the kinetics of such Ca -uptake processes and 
the way hormonal control is exerted. Using American eel and tilapia, for the first 
2+ time the existence of a Ca -transporting mechanism in plasma menfcranes of fish 
branchial epithelium was demonstrated. The involvement of this mechanism in trans-
2+ 
epithelial Ca -transport was made plausible by comparing in tilapia the in vitro 
2+ 2+ 
Ca -transport capacity of the gills with the in vivo influx rates of Ca through 
2+ the gills. The hormone prolactin was shown to be involved in controlling Ca 
2+ 
exchange with the water, both the influx (representing active Ca -transport) and 
2+ 
the efflux (depending on integumental permeability to Ca ). In tilapia bony 
2+ tissue plays a role in calcium metabolism acting as an internal Ca -buffer system 
2+ 
and as a mineral store. The control of Ca -exchange with the water, however, seems 
of primary importance for calcium homeostasis. 
2+ Mechanisms for Ca -transport in branchial epithelium 
The epithelium covering the gills of freshwater fish is a typical "tight" epi-
2+ thelium. The working hypothesis in our studies on Ca -transport mechanisms in 
2+ this epithelium, therefore, was that the transepithelial Ca -influx follows a 
2+ transcel 1ular route. Assuming analogy to the situation for transcellular Ca 
transport in e.g. rat intestinal mucosa as described by Van Os & Ghijsen (I98I), 
2+ it was postulated that a Ca -translocating ATPase in the basolateral plasma 
2+ 
membranes of the b r a n c h i a l e p i t h e l i a l c e l l s energizes Ca - e x t r u s i o n t o the b l o o d . 
F i r s t , a procedure was developed f o r the p r e p a r a t i o n of plasma membrane-en­
r i c h e d f r a c t i o n s from branchia l e p i t h e l i u m , a p p l y i n g more r i g o r o u s c r i t e r i a f o r 
" p u r i t y " of membrane f r a c t i o n s than are u s u a l l y r e p o r t e d ( e . g . Ma b Copp, 197A; 
Ho ε Chan, I98O). E s p e c i a l l y important in t h i s respect was the use of Na /K -ATPase 
a c t i v i t y , determined as the К -dependent, o u a b a i n - s e n s i t i ve Na -ATPase a c t i v i t y , 
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as a plasma membrane marker. Th is choice was made f o r the f o l l o w i n g reasons: 
- Na /K -ATPase a c t i v i t y e x h i b i t s membrane s p e c i f i c i t y ; a l k a l i n e phosphatase a c t i ­
v i t y used as plasma membrane marker by o t h e r s (Ma Б Copp, 197Ό is o f u b i q u i t o u s 
s u b c e l l u l a r o r i g i n a n d , moreover, heterogeneous; in our procedure, t h i s l a s t enzyme 
a c t i v i t y was not p u r i f i e d a long w i t h Na /K -ATPase a c t i v i t y ; 
- Na /K -ATPase is an e x t r i n s i c enzyme; the e f f e c t s of d e t e r g e n t s on membrane-
bound Na /K -ATPase were t e s t e d t o assess c o n d i t i o n s of opt imal s u b s t r a t e a c c e s s i ­
b i l i t y in membrane v e s i c l e p r e p a r a t i o n s ; 
- the m a j o r i t y of the Na /K -ATPase in the g i l l s is c o n c e n t r a t e d in the c h l o r i d e 
c e l l s (Hootman ε P h i l p o t t , 1978, 1979; Karnaky, I98O); these c e l l s represent the 
i o n - t r a n s p o r t i n g u n i t s of the b r a n c h i a l e p i t h e l i u m and Na /K - r i c h membrane f r a c ­
t i o n s should predominant ly o r i g i n a t e , t h e n , from these p a r t i c u l a r c e l l s . 
Membrane f r a c t i o n s , h i g h l y e n r i c h e d in Na /K -ATPase a c t i v i t y , hydrolyze ATP 
2+ 2+ 
upon a d d i t i o n of Ca . Th is Ca -activated ATPase a c t i v i t y has f o r m e r l y been p r e -2+ 
sumed t o be the enzymic bas is f o r a c t i v e t r a n s p o r t of Ca through the g i l l s ( e . g . 
Ho ε Chan, I98O; Shepard, I 9 8 I ) . However, our s t u d i e s a l l o w e d t o i d e n t i f y t h i s 
enzymic a c t i v i t y as a heterogeneous, non-speoifio phosphatase a c t i v i t y . 
2+ 
The demonstrat ion of t r a n s p o r t Ca -ATPase a c t i v i t y in b a s o l a t e r a l plasma mem­
branes of r a t e n t e r o c y t e s by Ghi jsen ε Van Os (1979) and by Ghi jsen et al. ( I98O), 
gave the impetus t o our d i s c o v e r y of a very s i m i l a r enzyme a c t i v i t y in plasma mem­
brane f r a c t i o n s of f i s h g i l l s . The know-how and experience o f Van Os, Ghijsen and 
2+ 
co-workers was g r a t e f u l l y a p p l i e d in our s t u d i e s . Ca -stimulated Mg'WVTP h y d r o l y -
2+ 
s i s by eel g i l l plasma membranes appeared t o r e s u l t f rom a h i g h - a f f i n i t y Ca 
ATPase and a l o w - a f f i n i t y phosphatase a c t i v i t y . Only the c h a r a c t e r i s t i c s of the 
2+ 2+ 
h i g h - a f f i n i t y Ca -ATPase a c t i v i t y met the c r i t e r i a f o r a Ca - t r a n s p o r t i n g ATPase. 2+ S i m i l a r , m u l t i p l e Ca - s t i m u l a t e d ATPase a c t i v i t y has been demonstrated in plasma 
membranes of r a t e e n t e r o c y t e s (Ghi jsen ε Van Os, I98O), of hen o v i d u c t s h e l l 
gland (Coty ε McConkey, 1982), of p a n c r e a t i c i s l e t c e l l s (Pershadsing et al., 
I98O) and of E h r l i c h a s c i t e s tumor c e l l s (Klaven et al., 198З) and, t h u s , such 
complex enzyme a c t i v i t y seems t o occur w i d e l y . 
2+ 2+ 2+ 
From the simultaneous occurrence of Ca - or Mg - a c t i v a t e d ATPases and Ca 
s t i m u l a t e d ATPases in plasma membranes i t may be i n f e r r e d t h a t t o demonstrate 
2+ t r a n s p o r t Ca -ATPase h y d r o l y t l c a c t i v i t i e s in plasma membranes, the use of assay-
2+ 
media c o n t a i n i n g Ca - b u f f e r s w i t h Mg^ATP as a s u b s t r a t e i s mandatory. Such c r i t e -
2+ 
r i a i n v a l i d a t e the c l a i m by Doñeen ( I98 I ) of the demonstrat ion of t ranspor t Ca 
ATPase a c t i v i t y in the g i l l s of G-Lllichthys mirabilis. A l s o , s ince the ex is tence 
2+ 
of transport Ca -ATPase can be deduced only by differentiating it from a hetero-
geneous pool of phosphatase activities, it follow that the direct and specific 
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2+ 
cytochemical demonstration of transport Ca -ATPase activity via Wachste i η-Me i sel 
procedures (Ando et al., 198I) seems impossible. Therefore, cytochemical data re-
2+ ported in the literature on the localization of transport Ca -ATPases should be 
reevaluated. 
2+ The involvement of plasma membrane-bound h i g h - a f f i n i t y Ca -ATPase a c t i v i t y in 
2+ t r a n s e p i t h e l i a l C a - t r a n s p o r t in the g i l l s is s t r o n g l y supported by the demon-
2+ 2+ 
s t r a t i o n of an ATP-dependent Ca - t r a n s p o r t i n g process w i t h h i g h - a f f i n i t y f o r Ca 2+ in plasma membrane v e s i c l e s . Of p a r t i c u l a r i n t e r e s t is t h a t the Ca - t r a n s p o r t i n g 
c a p a c i t y of the b r a n c h i a l apparatus determined in vitro was of the same order of 
2+ 
magnitude as the b r a n c h i a l Ca - i n f l u x r a t e s measured in vivo. We cons ider the 
2+ d i r e c t comparison of in vivo and in vitro measurements of Ca - t r a n s p o r t in our 
set-ups an e s s e n t i a l and powerful step in assessing the p h y s i o l o g i c a l meaning of 
the data o b t a i n e d . 
2+ 
The r e s u l t s and conclus ions on the mechanisms of t r a n s e p i t h e l i a l Ca - t r a n s ­
p o r t in f i s h g i l l s are summarized in the model presented in F i g . 1 . 
2+ 
Ca -uptake from the water and the role of internal aaloiwn stores in calcium 
metaboliem 
2+ As a basis for the calculation of bidirectional Ca -fluxes between water and 
fish, a model was chosen consisting of two compartments: the water and the extra­
cellular fluids of the fish. To approximate steady-state conditions for calcium 
as close as possible, only wel 1-acci¡mated fish were used, while the composition 
of the water was carefully monitored and kept constant. The use of Ca and a 
whole-body counter enabled us to establish the behaviour of calcium tracers in 
intact tilapia and, subsequently, to design experimental conditions such that 
2+ first-order tracer kinetics reflect Ca -fluxes between the water and the fish. 
For the interpretation of our data on calcium kinetics and internal distribution 
of calcium it is important to realize that we consistently used activily feeding, 
growing tilapia. Our fish, therefore, are in a positive calcium balance which is 
2+ 
clear, among other things, by a net influx of Ca from the water and calcium 
accretion in the bone. The reasoning behind the use of fully acclimated fish 
was that only such fish may be predicted to give their full physiological res-
ponse to changes in the ambient water or to changes in the endocrine status of 
2+ the fish, that affect their calcium metabolism.These concepts underlying our Ca 
2+ flux determinations were validated by the fact that net Ca -influx, calculated 
2+ 
as the difference of in- and efflux of Ca , were in agreement with the actual 
2+ 
calcium balance of the fish. Moreover, influx and efflux rates of Ca 
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2+ Figure 1. Upper part: diagram of Ca -transport across the branchial epithelium of 
2+ 
a freshwater fish. Ca from the water (w) enters the epithelium (ep) via chloride 
cells down an electrochemical gradient. Mucus (m) covering the epithelium may 
2+ 2+ 
steepen the Ca -gradient over the apical membrane by concentrating Ca topically 
2+ 2+ 
due to its Ca -binding activity as well as by providing an unstirred layer. Ca 
¡s buffered in the cytosol (c) by calcium-binding proteins (CaBP). At the basolate-
2+ 2+ 
ral plasma membranes Ca is extruded to the extracellular fluid (ef). A Ca 
transporting enzyme (ATPase), which depends on activation by calmodulin (CaM), pro-
2+ 
vides energy to translocate Ca against a steep gradient; the basolateral plasma 
membranes extend to a wel 1-developed system of infoldings referred to as reticular 
system or tubular system (ts) ; tj , tight junctions. 
2+ 
Lower part: Ca -concentrations along the dotted line in the upper part: in the 
2+ 
water (0.8 mM Ca , Nijmegen city tapwater) , ¡η the mucus (the dotted line indi-
2+ 
cates that the Ca -concentration may increase towards the apical cell membranes), 
2+ in the cytosol (approximately 0.1 μΜ Ca ) and in the extracellular fluid and 
2+ blood (ef, b; approximately 2.8 mM total Ca and 1.5 mM Ca , respectively). 
3-1 
1-
mMCa 
total 
> ^ 1 
water; mucus ; chloride cell : blood | 
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2+ 2+ 
determined by the Ca -transport activity and the permeability to Ca of the inte­
gument, respectively - were affected in a predictable manner by experimental mani­
pulation of the fish. For example, a reduction of ambient calcium levels causes 
increased iη tegumental permeability to water and ions in tilapia (Wendelaar Bonga 
t Van der Meij, I98O, I98I) and results in a transient negative calcium balance. 
Tilapia wel 1-acci ima ted to low calcium water, however, re-establish a positive 
2+ 2+ 
calcium balance. In such fish Ca -influx rates surpassed Ca -efflux rates (which 
2+ 
were enhanced compared to freshwater fish) resulting in net uptake of Ca from 
the water. Prolactin-induced hypercalcemia could be traced back to an enhanced 
2+ 
net uptake of Ca from the water, which resulted from a simultaneous stimulation 
2+ 2+ 
of Ca -influx and a reduction of Ca -efflux. These results are in complete 
agreement with our findings of a stimulation by prolactin of branchial transport 
2+ 
Ca -ATPase activity in American eels (Flik et al., 1984). They, furthermore, are 
in concordance with a large body of evidence that prolactin reduces integumental 
permeability to water and monovalent ions (Dharmamba & Maetz, 1972; Wendelaar 
Bonga S Van der Meij, 1980, I98I; Ogasawara ε Hirano, 1984). 
With respect to the occurrence of elevated plasma calcium levels, an apparent 
discrepancy exists between the effect of low ambient calcium and that of prolactin 
treatment. Under low-calcium conditions, the hypercalcemia was accompanied by a 
decrease in bone calcium contents, whereas the prolactin-induced hypercalcemia 
led to an increased bone calcium content. We tentatively ascribe the persisting 
decrease in calcium contents of the bone in fish under low calcium conditions to 
a negative phosphate balance. Both an impaired absorption of phosphate from the 
2+ gut - presumably coupled to an impaired Ca absorption from the gut such as 
observed in other species under low calcium conditions (Rodgers, 1984) - and an 
enhanced integumental efflux of phosphate might have urged the fish to mobilize 
phosphate from its bone, or reduce the degree of mineralization of its bony tissue. 
For the time being, experimental data to verify this last hypothesis are lacking 
which stresses the need for simultaneous evaluation of the calcium and phosphate 
content of the pertinent compartments. 
Hormonal control of calcium homeostasis 
The endocrine control that underlies calcium homeostasis in aquatic and 
terrestrial vertebrates differs in many respects. Mammals, birds, reptiles and 
terrestrial amphibians possess parathyroid glands that produce parathormone (PTH), 
their most important hypercalcémie hormone. In many aquatic amphibians (most of 
the urodeles) and in fish, parathyroids are absent. On the other hand, corpuscles 
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of Stann ius , endocrine glands morpho log ica l l y assoc ia ted w i t h the k idneys, occur 
on ly in f i s h . The p u t a t i v e hormone of the corpuscles of Stann ius , hypoca lc in , is 
a prote inaceous p roduc t , which shares an t i gen i c determinants (M i le t et al., I98O) 
and b i o a c t i v i t i e s (our unpubl ished observat ions) w i t h mammalian PTH. I t s f unc t i on 
however, is c l e a r l y d i f f e r e n t , f o r in f i s h i t ac ts as a hypocalcémie f a c t o r . 
Freshwater f i s h and aquat ic amphibians do have e f f i c i e n t control-mechanisms to 
counterac t the t h rea t of hypocalcemia imposed by t h e i r environment. Pang and h is 
co l legues (Pang et al., 1973, 1978; Pang, I98 I ) were among the f i r s t to show tha t 
p i t u i t a r y hormones are indispensable f o r f i s h l i v i n g in hypocalc ic waters . Pro-
l a c t i n now seems to be of p a r t i c u l a r re levance, a l though in some species a product 
from the "PAS-pos i t i ve c e l l s " of the pars intermedia seems to be involved ( O l i v e -
reau et al., I98O, 198 I ) . The focuss of t h i s d iscuss ion w i l l be on the comparison 
of the r o l e of the major hypercalcémie hormones involved in the calc ium homeo-
s t a s i s of aquat ic and t e r r e s t r i a l v e r t e b r a t e s , v i z . p r o l a c t i n in f i s h and PTH in 
l a n d - l i v i n g t e t rapods . 
Pang and coworkers showed tha t in k i l l ¡ f i s h adapted to ca lc ium d e f i c i e n t sea 
wa te r , hypophysectomy leads to hypocalcemia and t e t a n i c se i zu res ; these d i s t u r -
bances of ca lc ium homeostasis cou ld be overcome by e i t h e r supp ly ing ca lc ium to 
the water or p r o l a c t i n to the f i s h (Pang et al., 1973; Pang ε Yee, 198O). Hyper­
calcémie ac t i ons of mammalian and f i s h p r o l a c t i n s in several species of t e l e o s t 
f i s h and in c e r t a i n urodeles have since been conf i rmed (Fenwick, 1982; Pang 6 
2+ Yee, I98O; Sasayama 6 Oguro, 1982). In t e r r e s t r i a l ve r teb ra tes PTH mobi l izes Ca 
from the bone, mainly by s t i m u l a t i n g os teocy t i c o s t e o l y s i s ( P a r f i t t , 1979)· I t s 
hypercalcémie ac t i ons f u r t h e r inc lude s t i m u l a t i o n of Ca-reabsorpt ion in the k i d -
neys and, i n d i r e c t l y v ia s t i m u l a t i o n of l a ,25 -d ihyd roxyv i t am in D , -syn thes is , to 
absorp t ion of Ca v ia the g u t . The mode of ac t i on of p r o l a c t i n in f i s h is funda-
menta l ly d i f f e r e n t as is c l e a r from the s tud ies presented in t h i s t h e s i s . Fresh-
2+ 
water f i s h r e l y on Ca in the ambient water f o r Ca-homeostasi s and growth, and 
2+ 
absorb Ca d i r e c t l y from the water v ia t h e i r g i l l s (Berg, 1968, 1970). In f r e s h -
2+ 
water t i l a p i a p r o l a c t i n s t imu la tes the uptake of Ca from the water v ia a dual 
2+ 2+ 
ac t i on on the integument: i t enhances Ca - I n f l u x and i t decreases Ca - e f f l u x . 
2+ 
Since we have substantial evidence that influx of Ca via the skin is of minor 
significance in the process of Ca homeostasis - a conclusion deduced from experi-
ments with perfused tail preparations of American eel (unpublished) - the gills 
2+ 
remain as the major site for Ca -exchange processes between fish and water. 
Further support for this last conclusion is provided by our biochemical analy-
ses of gill epithelial plasma membranes of American eels and tilapia, which led 
2+ 
to the discovery of high-affinity Ca -ATPase activity. It was shown that this 
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activity is an expression of the calcium pump of the gills, which is involved ¡n 
2+ 
transepithelial Ca -transport. The hypercalcemia induced by ovine prolactin in 
American eels proved to be accompanied by stimulation of this branchial high-
2+ 
affinity Ca -ATPase activity. In this species, prolactin has further been shown 
2+ 
to increase the uptake of Ca from the water in perfused isolated gills (Ma Б 
Copp, 1981). Thus, it appears that one action of prolactin on the integument 
2+ 
concerns stimulation of Ca -uptake mechanisms. The second action of prolactin 
2+ 
that contributes to enhanced uptake of Ca from the water, reminds of the role 
of prolactin in controlling integumental permeability to water and monovalent 
ions (Dharmamba ε Maetz, 1972). We conclude from our observation of inhibitory 
2+ 
actions of prolactin on Ca -efflux in tilapia, that the control of integumental 
2+ 
permeability to Ca is also prolactin-dependent. Moreover, these results suggest 
that prolactin exerts an action on paracellular pathways in the branchial epi-
2+ thelium, for Ca -efflux is believed to be confined to such routes. Prolactin-
induced extension of tight junctions has been observed in nephron-epithelium of 
the stickleback, Gasterosteus aauleatus (Wendelaar Bonga ε Veenhuis, 197Ί) and 
this process may underlie the changes in permeability to water (Ogasawara ε Hirano, 
2+ 
1984) as well as to Ca . The more increased positive Ca-balance which results 
2+ 
from the dual action of prolactin on integumental Ca -exchange mechanisms, in­
duces hypercalcemia , which subsequently leads to enhanced storage of Ca in the 
bone. 
Whereas prolactin in freshwater fish and PTH in terrestrial vertebrates both 
have hypercalcémie effects, these hormones exert opposite effects with respect 
to the bone calcium content. The pertinent mechanism of action of these hormones 
is also different (Table I). 
Table I. Summary of the effects of prolactin, in fish, and PTH, in terrestrial 
tetrapods on blood plasma and bone. 
Prolactin PTH 
Plasma Ca 
Plasma P. 
1 
Bone mineral content 
Osteocytic osteolysis = + 
Osteoclastic activity (=) + 
Bone apposition = 
+ : stimulation/increase; = : no effect; - : inhibition/decrease 
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The e f f e c t s of PTH on bone are mediated by osteocytes and os teoc las t s ( P a r f i t t , 
1979)· Phy logene t i ca l l y advanced t e l e o s t s such as t i l a p i a , have a c e l l u l a r bone, 
which means tha t bone-forming c e l l s are conf ined to the per iphery of the bone. 
Osteoclasts are scarce or even absent (Weis 6 Watabe, 1979; Wendelaar Bon ga et al., 
1983). U l t r a s t r u c t u r a l evidence has been given tha t the p r o l a c t i n - i n d u c e d i n -
creases in ca lc ium content of the bone are not assoc ia ted w i t h a c t i v a t i o n of bone 
c e l l s (Wendelaar Bonga 6 F l i k , 1982). The p r o l a c t i n - i n d u c e d s t i m u l a t i o n of c a l -
cium inco rpo ra t i on in f i s h bone i s , t h e r e f o r e , l i k e l y brought about i n d i r e c t l y 
and leads to m o d i f i c a t i o n of the physico-chemical exchange processes at the i n -
terphase of the e x t r a c e l l u l a r f l u i d and the bone. P r o l a c t i n promotes the depos i -
t i o n of ca lc ium and phosphate in a molar r a t i o of 1.6, which Is c h a r a c t e r i s t i c 
f o r d a h l l i t e , the most important mineral in bone (McConnell, 1973). This may ex-
p l a i n the s l i g h t hypophosphatemia we have observed f r e q u e n t l y a f t e r p r o l a c t i n 
t reatment of t i l a p i a . C o n t r a s t i n g l y , the ac t i on o f PTH on mammalian bone leads 
to increased l e v e l s of both ca lc ium and phosphate in the blood ( P a r f i t t , 1979)· 
2+ In f i s h , p r o l a c t i n regu la tes the d i r e c t exchange of Ca w i t h tha t of the ambient 
wate r . In t i l a p i a growing in f r e s h wa te r , over 90% of the ca lc ium requ i red f o r 
growth is taken up from the water , d i r e c t l y v ia the g i l l s ; the phosphate requ i red 
f o r growth is absorbed from the food . T e r r e s t r i a l ve r teb ra tes do not have access 
to such a con t inuous ly a v a i l a b l e and v i r t u a l l y Inexhaus t ib le ex terna l ca lc ium 
source. For growth ca lc ium has to be absorbed v ia the gut from i n t e r m i t t e n t l y 
ingested food . The p h y l e t i c t r a n s i t i o n to land may have been accompanied by the 
development of PTH-dependent hypercalcémie mechanisms in c e l l s assoc ia ted w i t h 
the bone, which became essen t i a l as an i n te rna l ca lc ium b u f f e r f o r ca lc ium homeo-
s t a s i s . Concomi tant ly , another hormone, c a l c i t o n i n , became the antagon is t of PTH 
and developed i n t o an e f f e c t i v e hypocalcémie hormone a c t i n g by s t i m u l a t i n g c e l l -
mediated ca lc ium depos i t i on in bone m a t r i x . In t i l a p i a c a l c i t o n i n a lso s t imu la tes 
eel 1-mediated ca lc ium depos i t i on in the bone (Wendelaar Bonga & Lammers, 1982), 
but as may be a n t i c i p a t e d from the f a c t tha t only l i n i n g c e l l s occur in a c e l l u l a r 
bone, the hypocalcémie e f f e c t s of c a l c i t o n i n in such f i s h are sma l l . In f i s h hypo-
calcémie mechanisms tha t under ly ca lc ium homeostasis p r i m a r i l y depend on con t ro l 
by products of the Stannius co rpusc les , w i t h , i n t e r e s t i n g l y , a l so the branch ia l 
e p i t h e l i u m as the major t a r g e t . This l a s t statement is evidenced by our unpub-
2+ l i shed observat ions tha t b ranch ia l i n f l u x and e f f l u x of Ca in stanniectomi zed 
European ee ls are enhanced and tha t the amount of SLannius corpuscle t i ssue In 
these ee ls is d i r e c t l y r e l a ted t o the integumental surface a rea . 
The invasion of t e r r e s t r i a l hab i t a t s by ve r teb ra tes and the development o f 
bone as an i n te rna l ca lc ium s to re were apparent ly accompanied by the evo lu t i on 
\k0 
o f an extens ive system of bone c e l l s (enclosed o s t e o c y t e s ) , t h a t respond r a p i d l y t o 
PTH and c a l c i ton i n . 
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SAMENVATTING 
Het onderzoek dat beschreven staat in dit proefschrift heeft betrekking op de 
cale i urn-huishoud ing van vissen, in het bijzonder van vissen die in zoetwater leven. 
De twee soorten die gebruikt werden, de amer¡kaanse paling (Anguilla rostrata 
LeSueur) en afг i kaan se natalbaars of tilapia (Oreoahrcmis moasambicue), zijn ver­
tegenwoordigers van de beenvissen. Deze vissen bezitten een skelet dat gekenmerkt 
wordt door verkalkt bot. Onder natuurlijke omstandigheden groeien de meeste vissen 
voortdurend door. Ze moeten daarom calcium in hun botten opslaan. Calcium is 
echter niet alleen belangrijk voor de groei van het skelet, maar ook voor tal van 
andere fysiologische processen als spiersamentrekking, pulsgeleiding in zenuwen, 
het activeren van enzymen, bloedstolling en de productie van eieren. Bepalend 
2+ 
voor het verloop van deze processen is het gehalte aan calcium ionen (Ca ) in 
2+ het bloedplasma, dat nauwkeurig op een peil van ongeveer 1.5 mmol Ca per liter 
plasma wordt gereguleerd. Deze nauwkeurige regeling van het calcium gehalte wordt 
aangeduid met calcium homeostase. Omdat over het algemeen de concentraties van 
ionen in de lichaamsvloeistoffen van de vis hoger zijn dan die van het hem om­
ringende water, staat het dier voortdurend bloot aan het gevaar ionen, waaronder 
2+ Ca , te verliezen en treedt via osmose water het lichaam binnen. Het teveel aan 
water wordt dan weer verwijderd door veel, sterk verdunde, urine te produceren. 
Het verlies aan ionen wordt gecompenseerd door ionen op te nemen. 
2+ 
Een zoetwater vis beschikt over twee organen die hem in staat stellen Ca op 
te nemen, namelijk de darm en de kieuwen. Uit onderzoek in de zestiger jaren is 
uit d¡eet-experimenten, waarbij vissen calcium-vrij voer kregen toegediend, ge-
bleken dat een zoetwater vis het overgrote deel van het benodigde calcium als 
2+ 2+ 
Ca vla zijn kieuwen uit het water opneemt. Opmerkelijk hierbij is dat de Ca -
concentratie in het water aanzienlijk kan variëren zonder dat dit veel effect 
2+ heeft op het calcium gehalte van het bloed. Dit geeft aan dat het Ca -opname 
systeem in de kieuwen onder een regulerende invloed van hormonen staat. Bij zeer 
lage calcium concentraties in het water treden evenwel verstoringen op die zich 
het beste laten beschrijven met de term "lek" worden. Dit verschijnsel belicht 
een speciaal voor vissen essentiële rol van calcium in de fysiologie van het 
dier, namelijk de instandhouding van de doorlaatbaarheid voor water en ionen 
van de cellen van de huid en de kieuwen. In dit opzicht is niet alleen de cal-
cium concentratie in de lichaamsvloeistoffen van belang maar ook die in het 
water en wel speciaal voor die cellen díe in direct contact staan met het water. 
2+ 
Bij heel lage calcium concentraties in het water kan het Ca -verlies van de 
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celmembranen zo groot worden dat de controle over water- en ionenbewegingen door 
de membranen verloren gaat: het dier wordt "lek". De regulatie van de doorlaat-
baarheid van de kieuwen en de huid is niet alleen afhankelijk van de calcium con-
centratie in het water en in het bloedplasma, maar daarbij speelt ook het hormoon 
prolactine een rol. In een vis als tilapia is de productiviteit van de prolactine-
cellen (in het hersenaanhangsel) omgekeerd evenredig met de calcium concentratie 
van het water. De rol van het prolactine in de calcium huishouding van de vis 
2+ 
strekt zich nog verder uit, want het hormoon stimuleert ook de opname van Ca 
uit het water. 
Het onderzoek gerappor teerd in d i t p r o e f s c h r i f t is t o e g e s p i t s t op de vraag hoe 
2+ de zoetwater v i s v ia z i j n kieuwen Ca opneemt u i t het wate r , welke orde g roo t te 
deze opname processen hebben en hoe het hormoon p r o l a c t i n e betrokken is b i j deze 
2+ 
opname van Ca u i t het water . 
Het eers te deel van het p r o e f s c h r i f t b e s c h r i j f t biochemisch onderzoek naar de 
2+ 2+ 
aard van Ca - a f h a n k e l i j k e enzymen die betrokken z i j n b i j de opname van Ca u i t 
2+ 
het water . Het Ca dat u i t het water v ia de kieuwen naar het b loed get ranspor-
teerd wordt passeert d a a r b i j de zogenaamde c h l o r i d e - c e l l e n van het k i euwep i t hee l . 
Deze c e l l e n z i j n gespec ia l i see rd voor ionen t r a n s p o r t . In deze c e l l e n kon een 
2+ Ca - t ranspor te rend enzym worden aangetoond (hoofdstuk I I I ) , echter pas nadat een 
methode was on tw ikke ld om plasma membranen van het k ieuwepi theel te ¡so leren en 
bovendien onderscheid te maken tussen het echte Ca - t ranspor te rende enzym en 
onspec i f ieke fos fa tasen (hoofdstuk I I ) . Het v ie rde hoofdstuk b e s c h r i j f t dat t oe -
d ien ing van p r o l a c t i n e aan pal ingen l e i d t t o t een verhoging van het plasma c a l -
cium gehal te van deze d ieren en deze verhoging gaat gepaard met een s t i m u l a t i e 
2+ 
van het t r anspo r t enzym en l aa t z ien hoe p r o l a c t i n e het Ca - t r a n s p o r t in de 
kieuwen kan s t i m u l e r e n . In het v i j f d e hoofdstuk z i j n een aanta l r esu l t a ten samen-
2+ gevat met be t rekk ing t o t Ca - t r a n s p o r t mechanismen in de kieuwen van t i l a p i a . 
2+ 
Een v e r g e l i j k b a a r Ca - t r a n s p o r t enzym a l s in de kieuwen van de p a l i n g werd aan-
getoond, maar bovendien dat de a c t i v i t e i t van d i t enzym r e s u l t e e r t in accumulat ie 
2+ 
van Ca in b laas jes van plasma membranen. B i j deze b laas jes was de cy top la sena-
t i sehe kant van de celmembraan naar bu i ten gekeerd. De berekende orde g roo t te 
van d i t plasma membraan-gebonden proces maakt een betrokkenheid ervan b i j de 
opname van ca lc ium u i t het water zeer w a a r s c h i j n l i j k . 
Het tweede deel van d i t p r o e f s c h r i f t b e t r e f t de ca lc ium u i t w i s s e l i n g s - p r o c e s -
sen tussen de v i s en het water , en het belang ervan voor de calcium-homeostase 
en de g r o e i . Ook de ro l d ie het bot speel t in de ca lc ium huishouding van de v i s 
Нб 
wordt belicht. Met behulp van radioactieve calcium-isotopen en een "whole-body 
counter" die deze isotopen kan detecteren, werd de calcium uitwisseling bestudeerd 
2+ in vrij-rondzwemmende vissen (hoofdstuk VI). Het blijkt dat de opname van Ca uit 
het water het netto resultaat is van een naar binnen gerichte stroom (influx) en 
2+ 
een naar buiten gerichte stroom (efflux) van Ca via het kieuwweefsel. De influx 
2+ is afhankelijk van actief transport van Ca en opmerkelijk is dat deze influx 
2+ 
van Ca in grootte overeenkomst met de op grond biochemische gegevens berekende 
2+ 2+ 
Ca -transport capaciteit van de kieuwen. De efflux van Ca wordt voornamelijk 
2+ 
bepaald door de conditie van het kieuwweefsel, waarvoor op hun beurt het Ca 
gehalte van het water en het hormoon prolactine bepalend zijn. In normaal zoet-
2+ 
water blijkt dat in tilapia de influx van Ca zoveel groter is dan de efflux 
2+ 
dat de netto opname van Ca uit het water voldoende is voor de groei. Deze con-
clusie is gebaseerd op analyses van het calcium gehalte in vissen van verschil-
lende leeftijden en lichaamsgrootte. In hoofdstuk VII worden de gevolgen be-
schreven van verlaging van het calcium gehalte van het water voor de opname van 
2+ 2+ 
Ca via de kieuwen. Wanneer de Ca -concentratie van het water wordt terugge-
bracht tot éénvierde van de oorspronkelijke concentratie, verliezen de vissen aan-
vankelijk calcium. Na een aantal weken blijken de dieren hun calcium opname 
systeem te hebben aangepast: de efflux neemt weliswaar toe, maar de influx neemt 
nog veel meer toe, wat resulteert in een verhoogde opname. In hoofdstuk VIII 
worden de effecten beschreven die het hormoon prolactine heeft op de opname van 
2+ Ca uit het water. Er kon worden aangetoond dat dit hormoon het calcium gehalte 
in het bloed verhoogt door de influx te stimuleren en de efflux te reduceren. 
2+ 
De waarneming dat prolactine de opname van Ca verhoogt ondersteunt de conclusie 
2+ getrokken in hoofdstuk IV, dat de door prolactine gestimuleerde Ca -ATPase ac-
2+ tiviteit direct betrokken is bij de opname van Ca uit het water. De reductie 
2+ 
van de Ca -efflux toont aan dat het hormoon niet alleen de doorlaatbaarheid van 
kieuwen en huid voor water en eenwaardige ionen reguleert (zoals bekend was) maar 
2+ 
ook die voor Ca . De conclusie die uit alle verkregen resultaten getrokken kan 
worden is dat prolactine het belangrijkste hormoon is voor de calcium homeostase 
2+ 
van zoetwater vissen, en wel omdat het de opname van Ca uit het water contro-
leert en daarmee garandeert dat het calcium gehalte van het bloed op het gewenste 
peil Ы i jft. 
In de algemene discussie (Hoofdstuk IX) wordt de regulatie van het calcium 
gehalte in het bloed bij vissen vergeleken met die van landdieren. Bij vissen 
kan het calcium gehalte continu worden geregeld, via stimulatie door prolactine 
van de calcium-opname uit het water. Bij landdieren komt calcium uitsluitend 
binnen met het voedsel. De calcium-opname is veelal een periodiek proces waarvan 
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de omvang n i e t nauwkeurig gereguleerd kan worden. Daardoor Is het ske le t van land-
d ieren a l s ca lc ium rese rvo i r van veel g ro te r belang voor de r e g u l a t i e van het c a l -
cium gehal te in het b loed dan b i j v i ssen . Het op pe i l brengen van het ca lc ium ge-
ha l t e van het b loed is met name a f h a n k e l i j k van een hormoon u i t de b i j s c h i l d -
k l ieren (het parathormoon), dat ca lc ium v r i j maakt u i t het b o t . Bi j s c h i Idk l ieren 
komen b i j v issen n i e t voor . De conc lus ie u i t deze gegevens ¡s dat in de loop van 
de e v o l u t i e van de gewervelde d i e r e n , t i j d e n s de overgang van het leven in het 
water naar het leven op het l a n d , het ske le t in veel opz ichten de ro l van het 
water a l s ca l c i um- rese rvo i r heef t overgenomen. Hierdoor i s w a a r s c h i j n l i j k de be-
teken is van p r o l a c t i n e voor de r e g u l a t i e van de caleium-opname u i t het m i l i e u 
s te rk verminderd. B i j landdieren heef t p r o l a c t i n e een b e l a n g r i j k e regulerende 
f u n k t i e gekregen b i j de v o o r t p l a n t i n g . 
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STELLINGEN 
2+ 
Voor het aantonen van ATP-hydrolytische activiteit van een transport Ca -ATPase 
2+ 2+ 
is de aanwezigheid van een Ca -buffer en Mg in het incubâtlemedium vereist. 
Dit pvoefsohrift. 
2+ 
De localisatie van transport Ca -ATPase activiteit op ultrastructureel niveau 
met behulp van "Wachstein-Meisel procedures" lijkt voorshands niet mogelijk. 
Contra: Ando, T., Fujimoto, К., May ahora, Д., Miyajima, Η„ & Ogawa, К. 
(1981) Acta Histochem. Cytoohem. 14(6): 705-726. 
De conclusie van Berg, gebaseerd op zijn studies van het calcium- en strontium-
metabolisme bij vissen, dat "Ca in opposition to Na does not play any role 
in osmoregulation", is inmiddels achterhaald. 
Berg, A, (1968) Me. Ist. Ital. Idrobiol. 23: 161-196. 
Bij het gebruik van strontiumisotopen als calcium-tracer in biologische systemen 
dient men te bedenken dat de affiniteit van calcium-bindende eiwitten, zoals 
cai moduline, voor ionen van deze twee metalen verschillend is. 
Gezien de eigenschappen van het kieuwepitheel van zoetwater vissen als "tight 
2+ 
epithelium", moet een Ca -influx van water naar bloed via de kieuwen beschouwd 
worden als een transcellulair proces. Een dergelijk proces wordt niet bepaald 
2+ . . 2 + 
door de Ca -gradient tussen water en bloed, maar veeleer door de beide Ca -
gradiënten die over de apicale en de basolaterale plasma membranen van de cellen 
van dit epitheel staan. 
Contra: Höbe, Η., Laurent, P. <S McMahon, B.R. (1984) J.exp. Biol* In press. 
Het vóórkomen van calmoduline in slijm van vissen wijst erop dat dit eiwit 
niet uitsluitend als intracellulaire activator optreedt. 
Flik, G., Van Rijs, J„H. & Wendelaar Bonga, S.E. (1984) Eur. J. Biochem. 
138: 651-654. 
De conclusie van Grau et al. dat de osmotische waarde van het water in belang-
rijke mate de prolactinecel activiteit van tilapia bepaald, is onvoldoende 
gefundeerd. 
Grau, E.G., Nishioka, R.S. & Bern, H.A. (1981) Gen. Сотр. Endocrinol. 45: 
406-408. 
De hoogte van noradrenaline spiegels in de laterale hypothalamus van de rat is 
bepalend voor de mani tijd-gebonden, neuronaal gestuurde afgifte van insuline 
door de B-cel van de endocriene pancreas. 
Steffens, A.B., Flik, G., Kuipers, F., botter, E.C. S Luiten, P„G.M« 
(1984) Brain Research 310 (2): 351-362. 
De histologische argumenten die door Lopez et al. worden aangevoerd in een poging 
om homologie van de bijschildklieren van hogere gewervelden met de lichaampjes 
van Stannius der vissen aan te tonen, zijn niet overtuigend. 
In: Endocrine control of bone and calcium metabolism. D.V. Cohn et al., eds. 
Amsterdam, Elsevier Science Publishers B.V„, 1984. 
De schadelijke gevolgen van verzuring van het water voor de fysiologische functies 
van vissen zijn eerder te herleiden tot verstoring van de osmoregulatie dan tot 
een verstoorde ademhaling. 
2+ Het toxisch effect van cadmium op Ca -afhankelijke processen in de cel zou in 
belangrijke mate kunnen worden veroorzaakt door het feit dat calmoduline hogere 
2+ 2* 2+ 
affiniteit voor Cd dan voor Ca vertoont, terwijl calmodulme-Cd complexen 
niet als activator kunnen optreden. 
Lock, R.A.C., Part, P., Van de Winkel, J.A.J. & Flik, G. (1984) The Bio-
chemical Journal (Submitted). 
Voer voor visfysiologen: niet alleen in het restaurant maar ook in het labora-
torium geldt dat een vis van één kilogram niet altijd gelijk is aan één kilo-
gram vis. 
o.a. Dit Proefschrift. 
Nijmegen, 27 september 1991* 
G. Flik 


